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PEEFAOE 

From the very beginning of Experimental Physiology, the mar- 
vellous action of electrical currents upon excitable animal tissues, 
and the electrical forces which, under certain conditions, proceed 
from these tissues themselves, have again and again attracted the 
attention of scientific men, and have given rise to a vast number 
of experiments, which at the present day are still being prosecuted 
in all directions. This is accounted for by the great significance 
at first attributed to the action of electrical forces in the living 
organism. And at a later period, when these anticipations had 
not been fully realised, and the desired goal of a “physicar' 
explanation of muscular contraction, nerve conductivity, etc., 
seemed farther off than ever, the multitude of facts meantime 
discovered, together with the exactness of the methods of observa- 
tion, and the conviction that perseverance in the familiar path 
must eventually lead to the solution of some at least of the 
countless problems of living matter, spurred the student on to 
renewed endeavour. Moreover, there was a growing desire to 
establish the many and successful applications of electricity in 
clinical medicine on a firm and secure basis, and to found an 
exact science of electro-therapeutics. Thus it has come about 
that the literature of Electro-Physiology, in a wide sense, has 
swollen to a bulk that practically debars any student who is not 
a specialist^from critical acquaintance with it. 
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Fifteen years have elapsed since the last review of the sub- 
ject by Hermann, in his Handhmh der Physiologie — an interval 
sufl&cient, after the rapid advances in this department, to make 
a new account desirable. The monographs are so scattered, and 
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in some cases so little accessible, that it is difficult to obtain 
a synopsis of them. I have worked so long and zealously at 
this particular department, and have in preparation for my 
Lectures acquired a familiarity with its literature (which might 
otherwise have escaped me), so great, that at last I believe myself 
justified in venturing on the experiment of giving a comprehensive 
survey of Electro-Physiology — a task in which I am only too 
well aware of my shortcomings. Notwithstanding, I venture to 
hope that I have rendered a service, not merely to many of my 
colleagues, but also perhaps to a portion of the medical public, 
since I have aimed at a connected review of fimdamental factSy 
and have only introduced details of experimental method, and 
pure theory, where they were indispensable to an understanding 
of the subject. The chapter on Electrical Fishes in particular is 
commended to the indulgence of my fellow- workers ; it could only 
be compiled from the results of others, as I have no first-hand 
experiences to draw upon. Those who know its widely-scattered 
literature must condone the defects of the present attempt, in 
view of the lack of any other summary. As an excuse for the size 
of the work I may state that it has grown out of my lectures, 
and could only thus escape a certain pedagogic dryness. In 
justification of the sections treating of Histology and General 
Physiology, I may be allowed to point out the intimate relations 
between structure and function in muscle, nerve, and electrical 
organs, as well as, on the other hand, the necessity of premising 
the discussion of more special questions, with the general con- 
ditions and forms of manifestation of activity in irritable tissues. 
Hence it seemed to me not merely desirable, but imperative, to 
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treat these relations more fundamentally than is usual in 
physiological publications. All this has contributed to expand 
the book, perhaps unduly, beyond its natural limits. Again, it 
may be objected that the whole survey is taken from one definite 
standpoint, so that individual chapters are perhaps treated in too 
one-sided a fashion. But I frankly confess to having thought 
less of avoiding a subjective tinge by the elimination of every 
partisan consideration, than of showing how the phenomena 
range themselves under that point of view from which I formerly 
learnt to judge of them from my venerated master, Hering. 

In dedicating this book to him as an unworthy token of my 
. esteem and gratitude, I am well aware that I am only giving 
back what I formerly received from him. 

Jena, November 1894 . 
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Il^TEODUCTION 


Electro-physiology, as set forth in the following pages, com- 
prises on the one hand the theory of the electrical excitation of 
excitable tissues, on the other the electromotive reactions which 
these exhibit. In order to understand the subject, an adequate 
knowledge of the phenomena of excitation, and in particular of 
the effects of current upon living matter, is essential, and must 
therefore be considered in the first instance. Wliile in Morpho- 
logy it is a matter of course that any inquiry should proceed 
from simple to complex, in Physiology experience and intuition 
alike teach us that the converse is often more fertile and more 
expeditious. This is due in part to the nature of the methods 
at our command, in part to fundamental physiological differences 
in the individual elements. What is morphologiciilly simple is 
not always physiologically intelligible ; in a sense we might rather 
affirm the opposite. If it be true that every function of the 
more highly -developed multicellular organism is potentially 
nascent in the relatively undifferentiated protoplasm of the 
amoeba, the apparent simplicity of tlie latter must conceal a 
complex of physiological activities not to be compared with those 
cases in which one kind of cell serves only one single function, 
as a muscle-cell contraction, a gland-cell secretion, etc. 

Here we have obviously a better chance of acquiring exact 
knowledge of the inherent qualities of the physiological function 
in question than if we turn to primitive organisms whose proto- 
plasm serves indifferently the most diverse functions. The study 
of glands and gland-cells reveals more of the process of secretion 
than the investigation of the same process in unicellular organisms, 
and the physiology of muscle has added more to our knowledge of 
contraction*and its connected processes than we could ever have 



2 


INTEODUCTION 


learned from microscopic examination of lower organisms. It is 
for this reason that muscle, the most highly differentiated form 
of contractile tissue, has been selected as the point of departure in 
the following attempt at a comprehensive suiwey of Electro- 
physiology. 



CHAPTEE I 


OEGANISATION AND STEUCTURE OF MUSCLE 


Even at a low grade of differentiation there is a wide range of 
Fibrillated Structures in contractile protoplasm, and the gi’eat 
significance of tliis organisation for the contractile process and 
motor phenomena of protoplasmic substance is unmisttikably 
attested by the behaviour of ciliated cells, and of spermatozoa in 
particular. 

Without entirely subscribing to the theory recently brought 
forward by Ballowitz (1) and others, “ tliat all regular, definitely 
canalised contractions of contractile substances denote the presence 
of regular, parallel, or approximately paralleP fibres ” (against 
which there is much counter-evidence), it is nevertheless remark- 
able that a fibrillated striicture of protoplasin is more or less un- 
equivocally preseid in 'marly every case of enetyetic, and especially 
of rapid, contraction. This is expressed most clearly in the 
highest differentiated forms of contractile animal protoplasm, 'ic. 
Muscle-fibrils, Muscle-cells, and Muscle-fibres. 

It appears to be of fundamental importance, as well moipho- 
logically fis physiologically, to the conception of “ mmclc that 
structures which, in virtue of organisation and fimction, may 
l^roperly be termed muscular, first appear as single and isolated, 
or fasciculated, fibrils. This is as true of ontogenetic as of phylo- 
genetic development. On examining the latter, we encounter the 
first genuine muscles in some of the ciliated Infusoria, for it is at 
least doubtful whether the delicate and swiftly contracting proto- 
plasmic threads of certain fresh-water Heliozoa {Acanthocystiden), 
which Engelmann (2) calls “ myopodia,” or the analogous structure 
of many Eadiolaria, tlie “ myophrysken ” of Haeckel, are true 
muscle-fibrils. In either case we may assume, with Engelmann, 
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that these structures are transitional stages between pseudqpodia 
and muscle-fibrils proper. 

If we examine a large transparent Vorticella under the high 
power, it is easy to detect delicate, converging fibrils just below the 
surface ; they run parallel with the axis of the body, and are often 
finely varicose. Here we undoubtedly have a differentiation 
product of the ectoplasm (Fig. 1), whether — with Butschli (3) — 
we regard these fibrils merely as a longitudinal series of cells 
witliin the otherwise alveolar protoplasm, or as a special structural 
arrangement. These fibrils {myonemu) converge towards the 
junction of the stalk, there, in most cases, uniting into a cylindrical 

filament, which appears fibrillated 
throughout in optical transverse section. 
Certain of the Heterotricha {Stmtor, 
Spirostomum) and Holotricha {Holo- 
phyra, Prorodon, Opaliniden) are char- 
acterised by a much more pronounced 
development of muscular fibrils. Those 
of Stentor, isolated by Engelmann, 
were as much as lya in diameter. There 
were even indications of a finer struc- 
ture, i.e, a kind of transverse striation 
(3, p. 1000). 

lieberku hn r ecogn ised the fibrils 
of Stenbor as contractile elements. ^He 
qbseryed thaLyd^^^ straight 

vio. poiyjdmini. Contracted Stentors, they assume 

(Biltsclill.) J.... — 

an undulat oiy appearance as soon 

relaxatmn. As the animal grows longer,^ the waves becQine 
fiatter. _ The fibrils eventuall y becom e qiute stoight ^mn^and 
are more and more drawn out wit h c ontinued exten^^^ In the 
foot, which is most protracted, they lose all separate identity ; in 
the rest of the body they resemble lines of excessive fineness. 
“ If, as often happens, the animals shrink slowly together during 
several seconds, instead of contracting suddenly, the fibrils, 
instead of being short, thick, and straight at the maximum of 
contraction, will be distinctly wave -like, and not perceptibly 
thicker than in the ordinary extended state of the animal. The 
waves are often so steep and short that the fibreS" come into 
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lateral contact. The cortical layer seems at first sight to consist of 
a labyrinth of crumpled fibres. When, after slowly retracting, the 
animals are almost globular, there is still a possibility of con- 
traction. Every fibril middeidy becomes thick, and straight. 
Instead of the labyiinth of little waves there is an instantaneous 
reappearance of thick, straight, shining longitudinal stripes lying 
parallel with one another.” 

Stentor can apparently contract spontaneously without 
any assignable external stimulus. Engelman n (2, p. 447) 
found on .applying dilute acetic acid (0;1 %), HCl (0*1 ^), 
HgSO^ (4 ^), etc., that single fibrils at first contracted 
^freguenjbly^. even inaluding those, . which • the shrinking of 
t^.^endoplasin , had separated from the pellicula. Ether, 
chloroform, and the electric current also produce a sudden con- 
traction of the muscular layer in the first instance. The lower 
threshold of stimulation differs in different forms. Stentor, c.g,, 
reacts to much weaker currents than Carchesium. Wliile the 
current is passing, the protozoans usually remain in a state of con- 
traction, but when it is weak they relax completely after a time, 
even during its passage (Stentor, cf. Verworn, 4, p. 114). 

All^he evidence, therefore, goes to prove that there are true 
excitable and contractile fibrils in the myoid layer (myonema) of ithe 
Infusoria in question, and that it is the rapid shortening of these 
wMch^oduces the body j;witehe|S_.of . Stentor and other Infusors. 
Along vrjth theae^ hnw everj riiere are_ 

alread y stated ), which indicate that the remaining protoplasm, 
which is comparatively undifferentiated, also possesses contractility in 
a definite direction. In these contractions the muscle-fibrils are 
bent up in a wavy form, and are therefore relaxed. The (iiido- 
plasm cannot here play an active part, since, although contractile, 
it streams about in the most contrary directions, even while the 
animal is slowly contracting. The fact of there being many 
hi^ly^qntractne Cffiata (J{ypotricha), m which, nevertheless, no 
fibr ils can be detected, proves that the differentiation of tlie 
latte r is causally connected ,with a, definite hind of inxjvemmt, i,e, 
tliat musde- JSndls sfvihserve only rapid and energetic contraction^ 
Of this the most salient example is afforded by the so-called 
“ stalk-muscle ” of Vorticella. 

As we have seen, the fibrils at the posterior end of the l)ody 
of VorticellS. converge towards the neck of the stalk. In Polyps 
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with a contractile stalk the fibrils do not end here, but unite to 
form a thread-like organ, which enters the stalk, and usually runs 
right along it. This filament or m'liscle, almost without exception, 
runs down inside the sheath of the stalk in a sharp spiral The 
sheath is a cylindrical tube of medium diameter, which attaches 
itself at the distal end to some foreign body. It has a slender, 
elastic waU of chitinous composition. The interior of the seem- 
ingly hollow stalk is filled with a homogeneous, vitreous, trans- 
parent mass of apparently gelatinous consistency. In Vorticella 
and Carchesium the filaments run through the stalk in a very 
elongated spiral, the number of turns varying with the length of 
the pedicle. According to Czermak (5) they may range from 
0 to 12. In very short-stalked VorticeUse there may be only 
turn. In Zoothamnium the muscle - filaments do not run 
peripherally along the sheath of the stalk as in Vorticella and 
Carchesium, but lie close to the axis, surrounded on all sides by 
the homogeneous medullary substance, with no distinct spiraL 

Since the filament is formed by the junction of the body- 
myonema, we may presume that it will have a fibrillaied struc- 
ture, In most forms the fibrils appear to lose their identity in 
the filament, and run together in a homogeneous mass. Yet this 
can be in appearance only, since the thick muscle -threads of 
certain Zoothamnia are distinctly fibrillated. ITiis point will in 
all probability be established generally, by methods similai- to 
those which Ballowitz employed to discover the fibrillated struc- 
ture of the flagellum of the spermato-somata. 

The contraction phenomena in the stalk of Vorticella appe^ir 
to be normally sharp and sudden (" convulsive ”). The contrac- 
tion usually affects the whole stalk, which shrinks into a low and 
narrow-pitched spiral (helicoid), the turns being in close juxta- 
position. The body of the animal usually contracts simultane- 
ously with the pedicla At times the stalk is only partially 
contracted, and both the upper and lower halves seem able to shrink 
locally, without implicating the remainder (Czennak, Kiihne). The 
unrolling of a contracted stalk is a much slower process ; it also 
may vary in direction, beginning, i,e,, from above or below, and 
sometimes remaining incomplete for a long period. 

Czermak {Lc,) was the first to show that only the filaments of 
the stalk, in accordance with the function of the fibrils of the 
body-plasma, ai’e the seat of contractility ; it had pre’nously been 
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assumed that the sheath of the pedicle was the contractile organ. 
The behaviour of Vorticellee, whose filaments have been totally or 
partially destroyed, affords the clearest proof in favour of the first 
view. With total destruction the power of contraction is entirely 
abolished, with partial destruction the loss is in proportion with 
the injury. 

The reaction of dead sta^s i^mteresting in this connection. 
They ore inyariably contracted {^ngor _reag^^ 

that kill the filaments by coagulation (heat included} produce 
a coiling up that lasts as l(mg as the filaments ai^e present, 
^^gn th^ are jdestroyed by d^^^ re agent s, the 

stalk le ngthens again. These experi men ts show that the 
tiqn the dasticiUi of the pedicmlar slwcith^ Engel- 

mann {lx. p. 438 f.) observed in Zoothamnium arbuscula that the 
fibrils of the stalk-muscle, which in this c^ise are quite visible, 
become short, thick, and straight at the moment of contraction. 
When relaxation begins, they lengthen again quickly, so that if 
the sheath of the stalk is obstructed by any accidental, external 
obstacle, and thus gets slowly longer, the fibrils at first present 
a very sinuous appearance. The stalk ’•filameiUs of Vorf/icclla 
tlw^efore consist undo%ibtedly of contractile fihils. These oljserva- 
tions (independently of other facts to be discussed later) seem 
to disprove the conjecture of Klibne (6) that it is not the filament 
itself, but the sheath of the filament — which he compares with 
what he calls the “glia” element of inuscle-ceUa in liigher 
animals — that is contractile, the filament {i.e. fibrils) being on tlie 
contrary an elastic tissue that produces extension in conjunction 
with the sheath of the pedicle. 

Assuming the filament of the stalk to be tlie contractile ele- 
ment, it is easy to explain tlie spiral coiling and uncoiling of tlie 
latter, as was first indicated by Czermak. The stalk of the (Jon- 
tractiha is a cylinder with a thin, elastic wall, to the inner 
surface of which is attached a contractile filament descending in 
a steep spiral. But when a cylinder contracts along a siiiral 
line upon its surface, it also becomes spiral. 

Up to the present time there have been few attempts at 
artificial excitation of the stalk-muscle of Voiticella. Kuhne (7) 
observed that Vorticella- colonies contracted suddenly when 
tetanised witli an induction current. All the stfilks remain con- 
tracted during stimulation, and it is only when the current passes 
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for a prolonged period that the filaments begin to expand again 
during tetanisation ; the animals then contract only slightly from 
time to time, although if the current is strengthened, they can 
still shrink up to the junction with the bell. Headless stalks, 
when isolated, react in the same manner. Chemical stimuli 
(HCl 1 %, also cause the stalks of Vorticella to con- 

tract (Ktihne, Lc, p. 828). With a dilute solution of vera- 
trin the stalks draw together slowly, and become intensely 
rigid, while the inner muscular filaments grow more Inghly 
refractive, and therefore much more visible. A very dilute 
solution of strychnia is equally fatal to Vorticella, but the pheno- 
mena are different. The animals lose their excitability, and 
remain passively extended, although there is a continuous ciliary 
movement. In tliis state the strongest induction shocks, as well 
as strong solutions of curare, fail to produce any movement 
(Kiihne, l.c) 

The propagation of excitability in the muscle of the stalk 
should also be more exactly studied. There can be no doubt 
that under normal conditions spontaneous excitation, as well as 
conti’action caused by external stimuli, spreads from the body of 
the vorticella. . The excessive rapidity of contraction in the muscle- 
filament makes it indeed impossible to detect where the process 
begins, as it is apparently initiated everywhere at the same 
moment. This is the case even m the branched colonies of 
Zoothamnium, or Carchesium, when the whole community is 
retracted on mechanically exciting one individual. In Zootham- 
nium there may be direct conductivity of excitation, since every 
individual is a conductor to the rest through the muscular layer 
of its pedicle ; but in Carchesium, where this is not the case, the 
convulsion communicated from one contracting individual to the 
next appears to be the only stimulus (Verwom, 4). In order 
to explain the phenomena of contraction, not merely in Vorti- 
cella, but in aU other myoid Ciliata, it is necessary to assume 
that excitation can be conveyed from every point of the body- 
plasma to the muscle -fibrils, which are, collectively, in juxta- 
position or direct connection with it ; and the rate at which 
the excitation is propagated must be very considerable, under 
all conditions far exceeding that of the Ehizopoda. For if 
a spirostomum, or stentor, which from their elongated form are 
next to vorticeUa i)he best suited to such experiments, be 
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excited locally, at one end only, contraction of the whole body 
ensues without any perceptible latent period; the difference of 
time, which doubtless exists in contraction of the anterior and 
posterior ends of the animal, being quite unnoticejible (Verworn). 

The Muscles of Metazoa 

In Metazoa, as in unicellular animals, the typical muscle 
makes its first appearance in the form of fibrils, or bundles of 
fibrils, in the protoplasm of certain cells. The^. animal_ 

^l^ its an a mazing variety in r egard to 1^e_ mass-toppsi^ 
and re lative arrangement of thesQ_ _Qpntr^tile fibrils, and the 
formative plasma sarcoplasm of which they are a differentia- 
tion product. 

In order to understand the structure and function of highly 
differentiated muscles, it is as important to consider their racial 
as their individual development, and we have next to study 
in detail some instructive examples of the first of these. 

The simplest form of muscle-cell {myoylast occurs in the epi- 
thelial muscles (“ neuro-muscular cells ”) of the lower Coelenterata. 

In Hydra, e.g,^ the ectoderm consists mainly of large, blunt, 
cone-shaped, epithelial cells, the apices of which are directed 
inwards, and prolonged into one or more processes wliich fonn 
dichotomously branched fibrils bending at right angles, and run- 
ning parallel to the body axis, to form collectively a sub-epithelial, 
contractile layer (“ muscle lamella ”). Accordingly in transverse 
section there is a small zone between the ectoderm and endoderm, 
in which the bisected fibrils stand out as a series of strongly 
refracting points. 

In this case, therefore, the cell-bodies help to l^ound the 
body-surface, and, like the protoplasm of Ciliata, serve to establish 
relations with the external world, since they are able to receive 
impressions from without, are excitable. In both cases the 
excitation is conveyed through the protoplasm of the cell (sarco- 
plasm) to the contractile fibrils, and must be able to spread over 
large tracts of the body by conduction from cell to cell (if nerves 
are really wanting). The large, vacuolated, endoderm cells of 

1 In the ciliated Infusoria described above, which must he regarded as inde- 
pendent cell-^idividuals, it is, in the same connection, legitimate to speak of cell* 
muscles.” 
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Hydra, furnished with a flagellum, also possess basal muscular 
fibrils. A similar but more complicated arrangement exists in 
the Actinia. We are still in every case dealing with muscles of 
epithelial origin, epithelial miiscle-cells, which take part in the 
external or internal limitation of the body-surface, or lie deep 
down — their epithelial origin being always, however, unmistakable. 
In the simplest case, a transverse section through the endoderm 
shows, as in Hydra, a single row of shining granules, lying under 
a single layer of cylindrical, epithelial cells, which it divides from 
the mesenchyme (Fig. 2, a). 

Here again, as we learn from isolated preparations, we have 
a cross-section of muscle-fibrils (bundles 
//m fibrils?) which must be regarded as 

^ differentiation product of the epi- 
j ; thelial cells. The cell-bodies are cubical, 

K. ' ' ^ ■ cylindrical, or filiform, according to 

] the state of contraction of the body- 
wall; they carry cilia, or a solitary 
flagellum, at their free ends, while 
I muscle-fibrils are differentiated off at 

W the base, which is somewhat broader 

^ J[ (Fig. 2, i). From this primitive form 

^ d eH ve what Hertwig (9) 
Fig. 2.-WX, TwinsversB BBctioii through calls *Hntra- epithelial'^ muscles, in 
o? spindle-shaped cell-bodies 

lar to the long axis of the basal are Only interspcrsod between the epi- 
(iBolutod) of Actinia. (HerUvig.) thelial cells proper, and take no part in 
bounding the upper surface. The '' mtb- 
epithelial ” muscles are directly connected with these forms ; they 
consist of long fine bands (bundles of fibrils), which only retain 
a thin sheet of formative plasma on the side nearest to the 
epithelium. 

There can be no doubt that the nucleated mass of protoplasm 
here corresponds with the body of a genuine epithelial muscle-cell. 

There is merely a structural difference between the last-named 
muscles and those bundles of muscle-fibrils which are completely 
surrounded by mesenchyme, and are derived from a corresponding 
number of myoblasts. 

The individual elements in this case also are fibres (fibrils), 
with plasma and nucleus ; but instead of lying in single juxta- 
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position, they unite into groups, the periphery of which is formed 
of the contractile fibrils, while the axis contains the corresponding 
nuclei and protoplasm. 

Between this arrangement and the original superficial dis- 
position of tlie muscle-fibrils there are numerous transitional 
stages, produced by involution of the muscular lamella, which 
obviously tends to increase the mass of the muscle with stationary 
body-superficies. As long as the folding of the muscle-lamella is 
not excessive, the irregularities which it produces towaMs the 
free surface are equalised by the varying lengths of the epithelial 
cells. The supporting mesenchyme also presses from 
within into every fold. The involution varies con- pj 
siderably in degree. Sometimes muscle-plates ” are *■„ f ^ -’I'ri 
produced which stand perpendicular to the body- • 
surface in close juxtaposition, like the leaves of a . 
book (Fig. 3). Each leaf consists of a thin support- 
ing lamella of mesenchyme, set on both sides with 


muscle-cells. It is easy to see how by such a 
process of involution and segregation, carried one step 
farther, the cylindrical fasciculi of muscles, entirely 
surrounded by mesenchyme, may be developed. 

In Medusa we meet with conditions similar to 
those exhibited by Actinia. The muscle-fibrils, which 
are often transversely striated, everywhere exhibit a 
basal differentiation of ectodermal, epithelial cells, 
which again serve in many cases to bound the body- 



o. 8.— Tmii8- 
vcjrHu Roctiou 
oftliomiwoleH 
of the boily- 
wall of Ctiri- 
an thus intin- 


surface. 

A structure and development of muscle, similar in 


hranacciis, 

(Uortwif,'.) 


many respects to that already described in Cnidaria, exists conspicu- 
ously among many Worms {Anruidaia), where tlie epithelial, or at 
least epithelioid, character of the muscle is still immediately recognis- 
able in the simplest cases. Here the longitudinal muscle-fibres 
often consist of mononuclear, elongated cells, arranged like a single- 


layered epithelium. Each muscle-cell — isolated, or in transverse 
section — shows two distinctly separate substances, an internal 
plasmatic portion, and an external contractile substance, which 
again is constructed of countless smooth fibrils, running parallel 
with the long axis of the cell, and, as seen in cross-section, arranged 
in laminsB lyhig close together, so that the contractile layer 
exhibits a •delicate radial striation. Each single stripe corresponds 
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with a row of fibrils lying one behind the other — dotted in trans- 
verse section (Fig. 4, B), 

The relative disposition of the contractile Jfayer and for mativ e 
pla. 3ma (sarcoplasm) varies considerably m diSbrent mu scles of 
worms, in the simplest case each muscle is represented by an 
even lamina, capped by the nucleated protoplasm (Fig. 4, B). 
It is evident that this arrangement, in which the longitudinal 
muscular fibrils collectively form a cylindrical surface, underlying 
the hypodermis, corresponds with the smooth, simple, non-voluted 
muscular lamella of many Cnidaria. In both cases in cr ease of 
mass in t2ie contractile substance leads to a foimation o f folds, 
winch in Nematode hiuscles may be detected in each. singlg^^L 
The fibrillar layer, at first a level surface, curves into a hollow 
groove, opening into the coelom, and fiUed with formative p lasma. 

A Ji 


h 


Fio. 4. — Ay Branchidbdella paramtiai; transverse section through the muscles of the body-walL 
a, coeloniyoid ; 6, holoniyoid muscle-cella. By Section through a platymyoid muscle-cell of 
Amvria luviOiHcoides, (Rliode.) 

Bhode (8), e ,g.^ findsjn Jbhc Ipngit^^ muscle-layer of Branchia- 
Mella parasitica, every conceivable for m of transition b t^wee n the 
“ m y Old ^^ype j)| muscle-cells de scrib ed above, in whic h the 

fibrillated contractile stratum forms an even lamina, an d the 
co&lomyoi d type, where_ tlm fibrillar layer has become grooved 
(Fig. 4, Jra)- 

And, ag ain, there is but a st ep from these to the closed tubular 
muscle-ceUs, in which the pl asma f orms an axial filame nt sheath^ 
on all side s by jh^contmetde fibres. * 

The longitudinal fibres of the sheath of the cutaneous muscle 
of Ascaris are among the most interesting of the coelomyoid 
muscle-cells. Here the sarcoplasm is already walled in by the 
contractile substance at the ends of many of the muscle-cells, 
while in the centre the nucleated plasma (surrounded by a 
sarcolemma) bulges out like a hernial sac, and is often bf gigantic 
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proportions in comparison with the fibrillar stratum (Mg. 5, 
A, E). A transverse section through the centre of such a cell 



Fia. Section thi*ough part of the iiiuBCulnr layer of 

Ascaris luinbiicouUm ; o, vesicular swwllinfjfs of wirco- 
plaam ; fi, contractile substance ; y, eeJl-imcleua. (R. 
Tjculcart) B, Isolated muscle-cells of Ascaris^ from the 
Kel. (Hortwig.) 

shows the contractile substance in a horse-slioc 
figiu’e, with the sarcoplasm rising within it ; near 
the ends of the fibres only a ring of contractile 
substance, enclosing a cleft filled with proto- 
plasm, is exhibited. In many cases the similarity 
of arrangement, in transverse section, of the 
fibrils of the longitudinal muscular layer of 
worms, and the involuted muscle - lamella of 
certain cnidarians, is very striking. 

The muscle-cells of most other worms agree 
in their finer structure with the forms described, 
being either of a flat, a hollow, or more frequently 
a tubular type. The only differences are in 
the size and arrangement of the separate 
elements, and also in the comparative develop- 
ment of volume of the sarcoplasm and con- 
tractile substance. The fibrillated structure of 
tissue is not always easy to distinguish, but — cf. 
the musculature of Chsetopoda — appears to be 


i 

l|lt 




the contractile 
PJiode (^.c.) on 
very geneially 
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distributed. The several primitive fibrils are rarely detached 
from the formative plasma of the muscle-cell as a single layer, 
but are usually clustered together, and arranged in strata, which 
gives the appearance of radial striation above alluded to, in 
transverse sections of the contractile layer. 

While the elaborate structure of single muscle -cells in 
Annulata undergoes no appreciable change as development 
progresses, there is on the other hand a marked 
variety in regard to arrangement of the muscle 
elements into filaments and bundles. The principle 
of surface growth by involution is still paramount, 
and just as in single muscle-cells the flat, fibrillated 
lamina curves round to make room for greater 
mass -development of the contractile substance, 
the same process is repeated in the grouping 
together of a number of muscle-cells in the longi- 
tudinal muscular layer of many Annulate 

In other Lumbricidse the arrangement of 
muscle-cells inside a " case ” is still more regular, 
since they surround the central hollow in a single 
layer, which gives a feathered appearance to the 
transverse section. The axis, which corresponds 
to the shaft of the feather, is bordered on either 
side by the obKque sections of the myoblasts, wliich 
cover the converging sides of each pair of cases 
(Fig. 6). In contrast with those, the longitudinal 
muscle-fibres of Lumbricus olidus and many 
Oligochetae lie in a mass of irregular layers, or 
little groups divided by septa of connective 
Fio. G.-Tran8voi-8o tissue, as also occurs in Hirudinae. The original 

section of body- ^ 

muscles of Luvi- cpitlielial character of the longitudinal muscles 
(uSe is thus no longer distinct in the arrangement of 

the individual elements in such cases; but the 
structure of the single cells is otherwise perfectly conformable. 
A contractile, fibrillated, cortical layer can always be distinguished 
from a medullary substance (sarcoplasm), which it wholly or 
partially encloses. The usually solitary nucleus either lies to 
one side on the margin or surface of the separate fibres, or (e,^. 
in Hirudinse) within the central protoplasmic hollow. In many 
Annulata, as in Cnidaria, the involution of the muscular lamella 
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is excessively developed, and produces very complicated figures in 
transverse section. Certain Polychoetae, in particular, exliibit an 
extraordinarily complex arrangement of the flat band-like muscle- 
cells, which are individually of very insignificant proportions. 
The cross-section of the longitudinal muscle-layer not infrequently 
acquires a characteristic appearance. 

The muscle-fibres of Cephalopoda should be mentioned as 
afibrding in many respects a remarkable instance of muscle-cells 
in Invertebrates. Their peculiar structure has recently been 
investigated by Ballo- 
witz (10). 

With both the 
high and low power 
a system of parallel 
lines appears, running 
obliquely in opposite 
directions, and seem- 
ing with the medium 
power to cross directly 
over one another 
(Fig. 8). The ex- 
amination of partially 
destroyed muscle-cells 
shows this to be the 
optical expression of 
fibres which run in 
a continuous spit*al in 

the cortex round the Fio, 7.— TransverflO BOCtiouofbwJy'imisclCH or 
medullaiy substance.” 

The steepness of the spirals varies considerably with the state of 
contraction. In very fiat muscle-cells both systems of striation 
appear to lie almost in the same plane, giving an appearance of 
“double oblique striation,” first described by Schwalbe (11) for 
several of the Invertebrates. Schwalbe exifiained these figures 
on the assumption that the fibres were composed of rhombic 
“ sarcous elements,” while Engelmann (12) at a later period 
pointed out their fibrillated structure, and maintained “ that 
every fibre with double oblique striation consists of two systems 
of fibrils in concentric layer's parallel to the surface of the fibre, 
which descl’ibe a spiral in opposite directions round its axis.” 
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We further learn with regard to the finer structure of these 
muscle-cells, from transverse sections, that the proportion between 
cortical and medullary substance varies enormously in different 
elements of the same section. “ The cortex may be small, and 
enclose a larger axial hollow, while other adjacent sections show 
a broad ring, with a narrow centml lumen ” (different states of 
contraction). In nearly all muscle-ceUs, especially in stained 
preparations of the cross-sections, it is possible to detect a radial 
striation of the cortical substance, similar in all respects to that 



Fia. 8.— Segment of isolated muscle-cell fix)m Sepiola 
Itohddetii under (a) liigh, (h) medium, and (c) low 
power. (Ballowitz.) 


described above in the 
muscle-cells of Ifematoda 
and Annulata, and therefore 
to be interpreted as the ex- 
jiression of a fibriUated 
structure (Fig. 9). 

There is a regular alter- 
nation of dark and light 
striation, and it is easy to see 
that the dark lines correspond 
with cross-sections of the 
spiral fibres, which must ac- 
cordingly be flat and band- 
like, while the colourless 
radii represent an intermedi- 
ate substance. This appears, 
inter aim, from the fact that 
in focussing a thicker cross- 
section of a muscle-fibre “ the 
dark lines aU run out simul- 


taneously in the same direction like the spokes of a wheel,*' when 
the tube of the microscope is gradually lowered. The spiral fibres 
of the cortex therefore form flat bands, which run in a single layer 
throughout its entire thickness. These spiral lamellm obviously 
correspond with the radial “fibrillar lamime” of the muscles 
described above, and exhibit a further differentiation into delicate 
homogeneous fibrils, the proper elements of the cortex. 'J'he 
reaction of these muscle-fibres to gold chloride is of great interest, 
especially in view of certain facts which we shall discuss later. 
■ Only the axial sarcoplasm is stained under some conditions, together 
\vith the interstitial substance that separates the spirals of the 
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lamella, and does not stain with any other reagent. The lamella 
itself remains colourless. This, as will presently appear, arises from 
a reaction common to all muscles — on the one hand, of tlie plas- 
matic ground-substance, on the other, of the contractile fibrils — 
which thus affords an invaluable means of studying the distribu- 
tion of the two within one fibre. From this reaction we may 
conclude that the interfibrillar substance (which of course forms a 
a spiral lamella) is identical with the axial sarcoplasm, so that the 
cortical substance in other cases also should conhiin formative 

plasma in addition to the con- 

tractile fibrils, — as is directly 4 ] 

proved by the radial striation | 

ot the cross - sections. Tliere ^ 

is, however, a deplorable lack f 

of any systematised compara- 

tive observations on the finer 

structure of invertebrate muscle 

according to modem methods. K* 

Knoll (13), writing on the 
relative scarcity and abund- 
aiice of protoplasm in muscle- 
fibres, communicated numerous 
data, which, however, bear less 
on the finer structure of the 

cortical substance than on the I ^ 

proportion between sarcoplasm 

and contractile subshmce in Pia.0.—Transv6rBe suction of imisclo-cell from 
,T , „ 111 1 Iho mantlo of JSledofie 7)UJ8(Juit(t. (Bnllowltz.) 

the muscles of vertebrate and 

invertebrate animals. From these, as well as from earlier re- 
searches (H. Fol, 14), it is evident that the muscle-cells of Lamelli- 
branchs and Gasteropods have in many (jases the same structure 
as those of Cephalopoda. The appearance of double oblique 
(in many cases also of transverse) striation in the muscle-cells of 
the adductor muscle of the Lamellibranchs is very interesting. 
Fol, previous to Ballowitz, had estal)lished an analogous theory 
of structural relations, since he described tlie contractile sheath 
of the spindle-cells as consisting of fibrils running spirally round 
the plasmatic axis. Like Ballowitz, he referred tlie figure of 
quadratic or rhombic arem, first described by Schwalbe, simply to 
tlie crossing* of the two halves of the spiral windings, running 






ill Pia. 0. — TransvcrBC suction of imisclO'Cell from 
j Iho laantlo of JSledofie 7)UJ8(Juit(t. (Bnllowltz.) 
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above and below the axis, lihode (/.c.) noticed the same appear- 
ance in the bi-obliquely striated muscle -cells of many wonns 
{Arenicola, Nephthys). The bisected adductor muscle of Molluscs 
often shows, even to the naked eye, a division into two parts, 
distinct in colour and general appearance, the one white and 
tendon-like, the other glassy and transparent, of a grayish-yellow. 
The spindle-shaped muscle-cells of the former generally exhibit a 
well-marked longitudinal striation as the expression of fibrillated 
structure, while the more extended and flattened fibres of the 
gray part are often striped bi-obliquely {Ostrea, Anodoiita, etc.), 
and in many cases they also show a definite transverse striation. 
{Lima, Fecten). As we shall see later, these varieties of structure 
are closely allied to difierences of function, and it may be con- 
cluded, at least for Pecten and Lima, that the quick, flapping 
movements made by these animals are served by the striated 
part of the adductor muscle, w^hUe the smooth fibres effect the 
sustained persistent closure. The relation between cross-striation 
of muscle -fibrils and rapidity of the movement engendered is 
already apparent in the epithelial muscles of Cnidaria, where, as 
we have stated, the comparatively swift, swimming movements 
of the Medusa are produced by striated fibrils. This also accounts 
for the almost universal cross-striation of muscle -cells in the 
heai-t and masticatory apparatus of Mollusca, which otherwise, in 
regard to the finer structure of single elements, follow closely the 
forms of muscle-cells described above. There are still the spindle- 
shaped, freely branched, plexiform fibre -cells, which, as seen 
especially in transverse section, are generally rich in axial sarco- 
plasm, wholly or partially surrounded by the small fibrillar cortical 
layer. The latter once more exhibits frequently a distinct radial 
striation in transverse section, representing a regular alternation 
of layers of fibrillated substance and sarcoplasm. Sometimes the 
fibrils (bundles of ?) surround the plasma bodies of the cell in a 
single row of dots (Fig. 1 0, ; in other cases the cortical layer 

seems to correspond with a continuous stratum of contractile 
substance. 

Even a superficial comparison of cross-sections through the 
cardiac or masticatory muscles on the one hand, and the adductor, 
or pedal, muscle respectively on the other, in Lamellibranchs and 
Gasteropoda, shows that the relative distribution of sarcoplasm, 
and of contnictilc fibrils separated out from it, varies very consider- 
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ably in the two cases. While in the cells of the adductor and 
pedal muscles the formative plasma is insignificant in comparison 
with the contractile substance, in the cardiac and masticatoiy 
muscles it preponderates. Knoll, who first investigated these 
differences systematically, used the terms a-plasmic (“ clear ”) and 
plasmic (“dark”) to designate the two cases, the cells of the 
cardiac and masticatory 
muscles being by far the 
richest in protoplasm, and 
less transparent. These 
comparative investiga- 
tions prove beyond doubt 
that the structural ratio 
is, like cross-striation, of 
functional significance, as 
also appeai^s from obser- 
vations on the muscles 
of higher animals to be 
discussed below. The 
cardiac and buccal muscles 
have obviously more 
work, and more persistent 
work, to do than the 
adductor muscle of mol- 
luscs or the pedal muscle 
of snails, which are used 
less frequently, and since 
the formative plasma 
stands, as will be shown, 
in close relation with the 
nutrition of the contractile substance, we can readily appreciate 
the proportions given. 

This theory is substantially confirmed by the “ float ” muscles 
of Carinaria. That portion of the foot which is used for floating, 
and is in coustiint movement, corresponds both in the cross- 
striation of the fibrils, and the abundance of its sarcoplasm, to 
the type of dark “plasmic” muscle-cells characteristic of the 
buccal and cardiac muscles of Mollusca. Along with the greater 
richness of sarcoplasm there is often a more or less definite 
colorcution of the muscular elements. The cardiac and masti- 
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Fia. 10. — Tiausverse section of iiiuscle-cclls of Mollusca. 
(Knoll.) n-f Heart nf 'Apiyifia pm.ctaia: h, heart of 
Aplysid linuiciiui: c, masticatory api^aiatus of Otri- 
imria; rf, longitmliiial view of muscle -cells from 
buccal mass of Aplyda pancUitii. 
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catory muscles of many molluscs are yellow, pink, and even 
deep red. 

Knoll discovered a remarkable instance of “ plasmic ” muscle- 
cells among Invertebrates, in the thin muscle-bands of the mantle 
of Salpa (S, mcudmuj afi^aTia, pelesii). The cross-striped, cylin- 
drical fibres are very long, with conical ends. They are easily 
split up longitudinally into finer bundles and fibrils, owing to the 

excessive abundance of sarcoplasm, 
which intersects the plexus of fibrils, 
and as we see in transverse section, 
not only collects in the axis of each 
fibre, but also runs out in wide, 
radial tracts towards the periphery, 
thus dividing the contractile and 
Fio. ii.-Tmiisverse section of two muaeie-j distinctly fibiillatcd cortical Stratum 

cells from tialjxi pdegii. (Knoll.) . . 

into separate lamiiue (rig. 11). 

The same plan of structure is here to some extent rej 
on a larger scale, that prevails in the far more delicate radial 
striation of the cortical zone of muscle-cells in many worms and 
molluscs. I>ut there is one important diflcrence ; the contractile 
substance is no longer (as in all previous cases) exclusively at the 
periphery of the formative cell, but appears in more or less con- 
spicuous bundles (muscle-columns) witliin the central sarcoplasm 
also. Hence, as Knoll has pointed out, the Salpa 
muscles in a measure represent the transition to 
certain arthropod and vertebrate muscles, in which 
the same structural arrangement is present. A 
transverse section through the cardiac muscles of 
Crustacea often exliibits an unmistakable similarity 12. -Trans- 

to Salpa in disposition of sarcoplasm and con- section of 

tractile substance, except that the sarcoplasm is, ceu of Lobster, 
where possible, even more richly developed, and 
all the ‘'muscle-columns” He within the formative cell (Fig. 12). 

The unusual quantity of protoplasm is explained in both 
cases by the sustained and strenuous work which is served by 
these muscles. 

From these observations we may conclude that there is no 
fundamental difference in structure between the different muscle- 
cells of Invertebrates (excepting only the muscular fibres of 
Arthropoda) ; whereas among Vertebrates we shall find striking 
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distinctions, morphological as well as^ physiological, between tlie 
several muscles — vegetative and animal. This is admitted, in a 
general sense, by the common division of vertebrate muscles into 
two chief groups — smooth and striated. Tlie latter are technically 
opposed as muscle-^/?&9’Cs, in a strict sense, on account of their 
length, to muscle-ccZ^ with a single nucleus. 

The smooth muscles and striated cardiac muscle- 
cells of Vertebrates are the natural continuation of 
the uninucleated muscle-cells, smooth and striated, 
of Invertebrates, inasmuch as they are mainly com- 
posed of short, usually uninuclear, elements of a 
more or less distinctly librUlated structure, which, 
viewed from the surface, appear for the most part 
extended and spindle-shaped. As regards smooth 
muscle-cells in particular, they are not infrequently 
drawn out into fibres, without any consequent 
increase of nuclei. 

In cross-section the contractile fibre-cells appear 
either rounded (when solitary), or flattened by tlie 
pressure of the tightly -crowded elements into a 
polygon or band -shaped figure. The long, oval, 
often ‘‘rod -like” niudeus always lies in the middle 
of the cell, surrounded by a somewliat richer ac- 
cumulation of formative plasma. Wherever it is 
possible to recognise the fibrillated structure (and 
this is by no means invariable), the librils appear }us 
a multitude of fine, smooth, cylindrical fibres, running 
parallel to the long axis of the cells, and — as seen in 
transverse section — bedded in a seemingly homo- 
geneous mass of sarcoplasm (Iig. Id). imri, or isolated, 

But wliile in nearly all the cases we have inuseie.- 

-1 cell fmm Fi-o«’s 

been considering (of Invertebrates) the fibrils oc- stouiacii. (Ku- 
cupied only one part of the section, surrounding ) 

the sarcoplasm in a ring or segment, in the smooth muscle 
of Vertebrates the fibrils are, as a rule, distributed equally 
over the entire surface. It is highly probable that fibrils must 
also exist in the cases where it has so far been impossible to 
detect them. Sometimes they are very obvious, and appear, e.g., 
in the fibres of the frog’s stomach — Engelmann (12) — in transverse 
section, with a high power, as little cmcular dots or spaces, which 
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do not vanish on raising or lowering the objective. "J'he number 
of fibrils in the section diminishes towards the end of each cell 
owing to their unequal length (Engelmann). The fibrils are so 
highly refractive that it is sometimes difficult to recognise the 
l)0undarie8 of adjacent cells, and a muscular layer of the kind we 
are describing may even appear as a single, undiflerentiated mass 
of fibrils. 

Smooth muscle-fibres do not, for the most part, occur singly, 
but arrange themselves into bundles, membranes, or bulky masses. 
The finer and more delicate bundles of muscle-cells are often united 
into a net with wide or narrow meshes, each adjacent process anasto- 
mosing with its neighbour by branches. The bladder of amphibia 
is a fine illustration of such a net with wide meshes. Among 
Invertebrates a similar plexus of uninuclear muscle -cells is 
found in the heart of molluscs, sucker of echinoderms, etc. 

The intestine of Vertebmtes is the best example of the struc- 
ture of a membrane composed of smooth muscle-ceUs. Hero the 
arrangement of fibre-cells in two layers, crossing at right angles, 
which is characteristic of most hollow organs whose walls contain 
smooth muscle-fibres, is very conspicuous. A similar arrangement, 
i.e. a longitudinal and a circular muscle-layer, within which the 
axis of the fibres stand vertic^illy to each other, is found in 
the ureter, and among Invertebrates in the cutaneous muscular 
layer of worms. 

The anatomical relatwns of ad^jacent imisele-cells with one another 
is a point of great interest. A number of physiological facts 
pointed to direct conductivity from cell to ceU, in certain smooth 
muscles, long before histology gave substantial support to the 
conjecture. The idea of a direct communication by means of proto- 
plasmic bridges between adjacent cell-elements (which is not at 
all a new hypothesis) has recently obtained extensive confirmation 
on the botanical side, and in animal histology such ceU-bridges 
have long been known in particular objects (bristle or prickle cells 
of the epithelium). Analogous structures have recently been 
described in smooth muscle-cells also. In the transverse section 
of a crowded tract the single elements appear to be united 
by a homogeneous cement substance, which gives a reaction 
similar to that of the cement substance of endothehum. With 
certain very preservative hardening methods, it becomes possible 
to see under the liigli power, that the single cells in the transverse 
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direction are connected by fine protoplasmic bridges, between 
which are small intercellular spaces (Fig. 14). 

Common as is a marked pigmentation in the uninuclear, 
invertebrate muscles, it is but seldom that we find definite colora- 
tion of the smooth muscle-cells of vertebrates. The bright red 
muscles of the gizzard of many birds are, however, an exception, as 
well as the contractile fibre-cells, crowded with dark-brown pigment 
granules, in the iris of many fishes and amphibia, which, according 
to Steinach (15), owe to these their direct excitability to light. 

We must not omit to mention certain very peculiar figures 
obtained from smooth muscle-fibres that have been fixed during 
contraction. A highly regular transverse striation is often visible, 
due presumably to swelling from the contractions that follow 
one another at regular intervals. The figures were fiist pointed 
out by Heidenhain in 1861 (16), and 

Drasche has recently supplemented our 
imperfect knowledge of them (17). He 
observed a regular cross -striation in the 
individual fibre-cells of the contracted 
muscular coat of the poison -gland of 
Salamander, resulting from a delicate trans- Fro. i 4 .— Tran8v»^rKe Hoction 
verse grooving, or marked involution, pro- 
duced by the contraction of the lower o.th'.Bruyno, Ank.dcBud., 

„ T o* -1 1 T vaijlJenodnu, vol. xil. 1802.) 

surface of the muscle. Similar very delicate 
figures were observed in the muscle-cells of a cat’s intestine 
that had been hardened in alcohol (Biedermann). The sharply 
defined, highly refractive, transverse swellings gave an im- 
pression of local (fixed) waves of contraction, such as occur 
occasionally in certain striped muscles. 

Apart from the Arthropoda, in which uninuclear muscle- 
cells seem to be altogether wanting, the existence of true cross- 
striation, i.e. disposition of each single fibril in layers of different 
optical relations, would apjiear from the Jortigoing to be compara- 
tively rare in muscle-cells; its physiologkial significance has 
already been indicated. 

The much commoner oblique striation stands, as we have said, 
in no sort of relation to the transverse strijc, since the single fibrils 
are not further differentiated, and deviate in direction only from 
the normal. We find it impossible to subscribe to the theory 
recently advanced by Knoll to the effect that there is no sharp 
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distinction between oblique striation and cross-striation proper, 
so that one and the same cell may present oblique or transverse 
strijB under diflerent conditions. It seems more probable that 
the effect is due partly to different states of contraction 
in adjacent fibrils, partly to a longitudinal displacement 
(transposition) of the fibrils. 

In Vertebrates also, in the adult state, it is exceptional to 
find transversely striated uni- or binuclear muscle-cells ; they 
occur in cardiac muscle, and in a peculiar development of 
the endocardium of ruminants, horses, pigs, and other mammals, 
and in certain birds. As a rule, the elements of cardiac muscle 

either resemble the 
smooth, spindle- 
shaped fibre-ceUs 
(fishes, amphibia), 
though they ex- 
hibit many irregii- 
lari ties of processes 
and branches, or 
form somewhat ir- 
regular cylindrical 
or flattened cell- 
bodies, anastomos- 
ing at the ends 
with the adjacent 

Fio. 15.“-r8olate(l cells of c^riilac muscle. from Man ; Ji, from elements in a net- 



JiaTui temporaria. (Schiefleixlecker.) 


work of branches 


by means of short broad processes, of which the smooth superficies 
are closely applied together (manmials, bii'ds, reptiles) (Fig. 15). 
Ill many cases the component cells are still clearly visible ; in 
others they have disappeared, or become hard to recognise. 

These principal types of cardiac muscle are connected by many 
transitional forms. As so often in the elements of smooth 


muscle, the cardiac muscle-cells form mler se a physiological as 
well as an anatomical continuum, being, like many epithelia and 
eiidothelia, united by a cement substance, which stains black 
with AgNO.^, and through which transmission of the excitatory 
process is apparently eflected. Wliether there is here the 
same anastomosis of adjacent ceU-bodies by bridges of protoplasm 
as in many smooth muscles, has not been determined. 
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The arrangement of the cross -striated fibrils within the 
formative plasma (sarcoplasm) is very remarkable. The sarco- 
plasm is so abundant both in vertebrate and invertebrate animals, 
that the otherwise non-membranous cardiac muscle-cells come 
under the category of “dark” muscles, with which thcii* 
easy separation into fibrils and bundles of fibrils also coincides. 
In transverse section the cardiac muscle -cells of Fishes and 
Amphibia exactly carry on the type of Cephalopods and Gastro- 
poda, each spindle -ceU exhibiting a richly developed, central, 
medullary substance surrounding the nucleus, and enclosed in its 
turn by the transversely striated fibrils of the cortical substance, 
which are often arranged in radial strahL 

The heart of Eeptiles and Birds is characterised by tlie same 
structure ; the contractile cortex of the latter in particular 
frequently exhibits distinct radial 
striation. In Mammals also the 
elements of the cardiac muscle 
(which is here, as in other verte- 
brates, of a deep red colour) 
are among the most richly proto- 
plasmic parts of the body. The 
distribution of sarcoplasm and 
fibrils closely resembles the 
spindle-cells of Salpa described 
above ; the bundles of fibrils (KoUiker’s “ muscle- columns ”) m^t 
only form a peripheral cortical zone, but arc developed within the 
central nucleated axial plasma (Fig. 16). The plasma itself is 
usually accumulated round the nucleus, which lies soiTiewhat 
toward the centre of each cell. The bundles of fibrils (muscle- 



Fio. ]0.— TrauHVcrfift soctiou of o-anliiic 
muscle-cells— Man. (K<illik(?r.) 


columns) present considerable variations of form and arrangement 
in diflerenb mammals. The radial, band-shaped bundles of fibrils, 
striped in cross-section, with which we are so familiar in Inverte- 
brates, and also in certain muscles of the lower Vertebrata, but 
which appear only in the heart of Mammals (dog, porpoise), are 
very frequent. Often, besides these band-shaped muscle-columns, 
which figure in transverse section as a radially striated, laminar, 
cortical zone, another prismatic section — rounded or polygonal 
— appears in the centre of the muscle-cell (deg, man) (Fig. 16). 
And, in conclusion, there are many examines . (pig) in which these 
last only are present. 
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Generally speaking, therefore, it may be said that, in regard 
to histological structure, the cardiac muscles exhibit great 
similarity with certain muscles of the lower animals and the 
developing stages of cross-striated, multinuclear muscle-fibres, 
and are thus in a certain sense embryonic in character. This 
applies not merely to the striking abundance of sarcoplasm, but 
also to the form and arrangement of the muscle-columns, and 
central situation of the nucleus. 

The elements of cardiac muscle in Vertebrates, in particular 
of mammals, together with the cross -striated uninuclear cells 
of Invertebrates, form the transition to the type of muscle which 
is, anatomically and physiologically, the most highly developed. 


Cross-striated, Multinuclear Muscle-Fibres 

Among Invertebrates these occur in Arthropoda only; in 
Vertebrates, collectively, they form the chief bulk of muscle. 

At one time it was supposed, chiefly on account of the 
multiplicity of nuclei in striped muscle-fibres, that these re- 
presented a fused series of many cells (a syncytium but it is 
now admitted that each striated muscle-fibre is equivalent to a single 
cell, from which, indeed, it has developed. At first these are 
uninuclear, spindle-shaped cells, which grow rapidly longer, while 
the nucleus increases by repeated division. Subsequently the 
elongated, multinuclear spindles become not only longer, but much 
wider, while a gradual differentiation of striated fibrils is pro- 
ceeding from the increasing bulk of protoplasm (sarcoplasm). 
These fibrils, viewed longitudinally, or better in transverse section, 
do not occupy the entire thickness of the fibre, but arrange them- 
selves superficially as a tubular sheath, or (in many of the lower 
vertebrates) as a segment lying to one side, so that the nucleated, 
formative (sarco-) plasma lies, as it were, enclosed in a canal or 
furrow (Fig. 17). 

A temporary relation thus arises between the latter and the 
differentiated fibrils, which is altogether analogous to the constant 
distribution of the permanently uninuclear myoblasts of most 
invertebrates. As development progresses the peripheral layer 
of fibrils, at first extremely attenuated, increases in bulk at 
the expens:^ of the sarcoplasm, so that eventually the ratio is 
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reversed ; the fibrils form the chief bulk of the fully-developed 
muscle-fibre, while the remains of the formative plasma, together 
with many nuclei, is interspersed between the mass of fibrils, in 
varying bulk and disposition. Each fibre thus presents a long, 
cylindrical, prismatic figure, with conical or blunted ends. The 
fibres are usually undivided, but may branch more or less freely 
with many nuclei, and even form an anastomosis. 

The multinuclear, striated muscle-fibres must be reckoned 
among the largest cells with which we are acquainted. Accord- 
ing to Kolliker the uninuclear, spindle-shaped myoblasts of 
the human embryo, seven to eight weeks old, are already 132 to 
176 //. in length, and over 300 a little later. 

In adult muscle-fibres, Felix finds some that certainly exceed 
12 cm. in length, to which we must add that the fibres, even 
thus, were not at their gicatest extension. The bulk is relatively 
very small ; it is greixtesi ^ 


at an early stage of develop- 
ment. According to Felix 



human muscle-fibres at tht 


third month attain the con- b 

siderable diameter of 1 3 to 1 C 
ya ; tliese dimensions are rare 

in older embryos, and only re- Embryonic muHchi-lllm'S. Jbm ; />, Fro}?. 

i 4- (Kolliker.) 

appear in the new-born infant. 

The length of the single primitive fibril is in no regular ratio 
with the length of the muscle developed from it. Whereas 
formerly it was supposed that the muscle-fibres, generally speiik- 
ing, corresponded in length with the coarser muscle-bundles, 
it is now known that numerous fibres, particularly in the 
longer muscles, terminate freely, are shorter, than the whole 
muscle. Both free ends accordingly may be pointed, and the 
whole fibre spindle-shaped, or one end only may be free, and the 
other blunt and connected. with the tendon. In small muscles, 
on the contrary, according to Kolliker, all tlie fibres run the 
length of the entire muscle, and arc generally rounded off at both 
ends. 

Nearly all cross -striated, uninuclear muscle-filjres (except- 
ing only in certain Arthropoda) possess a distinct sheath, the 
sarcolemma, which consists of a fine, transparent, structureless 
membrane, lying next to, and closely investing the contents of, 
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the primitive bundle (sarcoplasm with nuclei and fibrils) ; it can, 
therefore, only be seen clearly in places where, from rupture of 
the fibres, or any other cause, the contents of the muscular 
sheath have shrunk back from the wall, or where, conversely, the 
latter has risen up in a bladder (imbibition of water). The 
sarcolemma, which Kolliker reckons in vertebrates as a true cell- 
membrane, may be seen even at an eaidy stage of development 
in the muscle -fibres as a very delicate integument; other 
authors regard it as a product of the connective tissue that 
surrounds the muscle-celL 

In accordance . with the usual disposition, multinuclear 
muscle-fibres severally exhibit more or less distinct transverse 
striae, at right angles, i.e., to the axis of the fibre, a characteristic 
common also to many uninuclear muscle-cells of invertebrates 
and vertebrates, and due, as will be shown, to the same cause in 
botli instances. 

In addition to the transverse stride, a loiigihtdi'iial striedion 
(derived from the fibriUated structure) is nearly always apparent ; 
it may be excessively fine, or may separate the fibres into com- 
paratively large bundles. 

The relative distinctness of the transverse and longitudinal 
strife at a given moment varies very considerably in different 
muscle-fibres. In many cases the ci*oss-striation is hardly visible, 
while the longitudinal strife are clearly marked ; at other times 
the opposite appears. Different parts, indeed, of on^ and the 
same fibre may vary in this particular. This is essentially 
dependent upon the relation between the contrcuctilc fibrils and 
the interfihrillar sarcoplasm, which (as many recent observations 
have established) may vary enonnously, alike in the muscles of 
different animals, and in the different muscles of the same species. 
As was stated above, the examination of cross-sections gives the 
best and surest conclusions. The salient feature under all 
conditions is, in the fully-developed fibre also, the unequal dis- 
tribution over the surface of the section. The fibrils are arranged 
in larger or smaller bundles (“muscle-columns”), separated by 
more or less bulky discs (strim, from the longitudinal aspect) of 
sarcoplasm {mterstitial substance, interfibrillar sfubstance, sarcogleia), 
as in so many smooth and cross -striated uninuclear muscle- 
cells. The more abundant the sarcoplasm, the easier the division 
of a primitive bundle into “muscle-columns,” ie, hindles of 
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which by proper methods can again be split up into 
the true elementary fibrils. As in the uninuclear muscle- 
cells, the multinuclear muscle-^&r^ fall in the main into two 
distinct forms or types of “ muscle-columns.” These are either, 
as in many invertebrate muscles, flat band-like bundles, composed 
of a single row, or some few rows, of fibrils only, or (as is more 
common) the bundles appear to be cylindrical or prism-shaped, 
i.e, circular or polygonal in cross-section. 

When, as in the majority of cases, the prismatic “muscle- 
columns ” are separated by a comparatively insignificant mass of 
“interstitial substance,” a mosaic of polygonal arese appears in 
transverse section — as first described by Colmheim; whence, 
therefore, the name of Cohnlieims Arece (Fig. 18, h). 



0 . 18 , — Uf I’rausverse sectiou of iiiuscle-llbro of Rabbit (bniidlos of llbrils dark, 8arcoi>luHiii cbiar). 
(Kdllikor.) h, Traiisverao flection of iiiuscle-nbre of Fiog, sliowing on tlio loft ei-osa-sectiona 
of the llbjylfl. (Scbiefferdecker.) 


It is questionable whether the sarcoplusiu that surrounds the 
muscle-columns penetrates also between the individual fibrils: 
Eollett disputes it ; KoUiker assumes a minute amount of inter- 
stitial matter, identical with the sarcoplasm — it can (mly be 
identified under a very high power, and forms an investing sheath 
along the entire length of each fibril. 

From this last point of view each muscle-fibre' must be re- 
garded as a bundle of fibrils which are held together by an 
uneven accumulation of intermediarj' substance. “ According as 
this accumulation is more or less abundant, the muscle-columns 
fire more or less well defined, larger or smaller ” (Xblliker). 

The comparative proportion of the two chief constituents of a 
muscle-fibre, ie. the fibrils (Kiihne’s rhahdia) and the sarcoplasm, 
varies, as we have said, in different animals, and in different 
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Pro. 19. — Tmnsvftrao section oftwo float-muscles of i/tjijjo- 
armpus. (Ms), BundleK of llbrils (muscle -colimiiis); 
(Sp), sarcoplasm. (Rollett.) 


muscles of the same animal; and the same is true of the 
position of the nucleus. Two groups of striated fibres can again 
be distinguished in vertebrates, i.e. those which have much, and 
those which have little, sarcoplasm. The fibres of the first group, 
generally, look rather dark when examined with the microscope, 

owing to the large num- 

®f heT of interstitial “ gran- 
ules ” with which the 
sarcoplasm is studded ; 
the cross -striae are in- 
distinct, the longitudinal 
well marked. The a- 
plasmic fibres, on the 
other hand, are clearer 

Pro. 19. — Tmnsvcrao section of two float-muscles of i/tjTjjo- and transparent, witll 
(uniptts. Bundles of llbrils (muscle -colimiiis); , , , . 

(Sp), aai^copiasm. (Rollett.) sharp transverse striae. 

In the same sense, we 
have abeady, in describing the structure of the uni- 
nuclear muscle -cells of invertebrates and vertebrates, had 
occasion to distinguish between clear and dark, plasmic and 
a-plasmic elements; cardiac muscle -cells in particular being 
universally dark and plasmic. The float muscles of the Sea- 
horse (Hippocampus) exhibit 
a peculiarly typical example 
of plasmic, multinuclear Sp 
muscle-fibres in the Verte- 
brates. In transverse sec- 
tion the flat bands of muscle- 
fibrils (muscle-columns) are 
seen, as in the muscles of 
Salpa, or the cardiac muscle 
of Crustacea (supra), form- 
ing irremilar groups and — ^rransverHC wctlon of lateral muscle-fibres 

, ® ° 1 of Carp. (Krtlliker.) 

columns in the sarcoplasm, 

which is here excessively abundant, and presents a thick 
cortical layer in which the nuclei are embedded (Fig. 19). 
Similar bands of muscle-columns are found in the lateral muscles 


Pia. 20. — ^TransverHC section of lateral muscle-fibres 
of Carp. (Krtlliker.) 


of the carp, which are also characterised by an abundance of 
nucleated sarcoplasm lying close under the sarcolemtna (Fig. 20). 
Other muscle-fibres (lateral trunk-muscles) in the same fish — 
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like many cardiac muscle-cells (man, horse) — show a peripheral 
layer of the flat bands of fibrils, while the interior is ffled with 
polygonal bundles. The nuclei are again embedded in the layer 
of sarcoplasm that surrounds the entire fibre. A con'esponding 
structure is found in the same muscles of other fishes. 

In the higher vertebrates, a transverse section of the skeletal 
muscle usually exhibits polygonal arese, separated by a very small 
quantity of sarcoplasm {Cohnhdm's Are/je, Fig. 18, a). But there 



Pig. 21. — «, Transverse section of Pectoralis major in Falcon ; &, ib. Gk)ose ; r, ib. Hen. (Knoll.) 


are still distinctions corresponding with dark and clear muscles, 
greater or less abundance of sarcoplasm. In Amphibia the clear 
fibres usually predominate ; the throat muscles of batrachians are, 
however, an exception. Knoll also found a considerable develop- 
ment of sarcoplasm in the jaw muscles of reptiles, and the limb 
muscles of Lacerta and Cistudo. In birds, on tlie other hand, 
the dark, plasmic fibres prevail, and constitute tlie pectoral 
muscles used in flight. In the hen the muscles of the breast 
and back consist, however, exclusively of light fibres, which are 
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again in a minority in the same parts of the goose and pigeon, 
while they are wholly wanting in the falcon, crow, and sparrow 
(Fig. 21). I 

From birds onwards the dark fibres are usually in the ascend- 
ant. According to EoUett the elements of the skeletal muscles 
of the bat are peculiarly rich in sarcoplasm. In transverse 
section it appears as a number of coarse, irregular knots, drawn 
to one side or the other, and united by fine, slender bridges of 
protoplasm ; the muscle-columns lie in the intermediate spaces 
(Fig. 22, a). 

The superficial aspect of the fibres is correspondingly coarse, 


h 



Fio. 22.— Transvoi'se and longitudinal sections of tho muscle-flbro of Bat. Sarcoplasm clear, 
ftbrll-bundlcs (inusclo-coliunnH) dark. (Rollett.) 

with longitudinal strhc, due to the alternation of sarcoplasm and 
muscle-columns (Fig. 22, 5). In most other mammals the dark 
and relatively plasmic fibres are intermixed with clear fibres in 
the skeletal muscles. KnoU finds that the optic, masticatory, 
and respiratory muscles (in particular the diaphragm) are specially 
rich iu dark fibres. In almost aU vertebrates the dark are 
smaller than the clear fibres. Tliis is weU shown in transverse 
sections of muscles containing both kinds of fibres (pectoral 
muscle of pigeon, most muscles of amphibia and mammals) (Fig. 
21). Moreover, the “dark” fibres in many cases are charac- 
terised by their deep red colour, while the “ clear ” fibres are 
paler. The dark lateral muscles of many fish, e.g., and the float 
and cardiac muscles, are intensely red ; in Rana, esml. and temp. 
also, the muscles of the throat and heart are dark and red. 
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■ The striated muscles of mammals are mostly red, and (with 
tthe exception of the cardiac muscle-cells, and the muscles of the 
bat, which are uniformly dark) contain a mixture of clear and 
dark fibres. 

The variations of colour in different muscles are particularly 
striking in the domestic animals. Every one knows the “ white 
meat ” of breast and back in the common fowl, which consists 
exclusively of clear fibres, while tlie leg-muscles are red and 
dark in colour. In tame rabbits and guinea-pigs also, white pale 
muscles occur along with the strictly red of the heart, diaphragm, 
etc. ; and here again dark fibres prepondemte in the one case, and 
clear in the other, but the degree of colour and quantity of proto- 
plasm are not always proportional. Thus in the pigeon the red 
wing-muscles are composed chiefly of dark, the equally red leg- 
muscles of clear fibres, and in the rabbit also there is little differ- 
ence in amount of protoplasm between the dark red soleus and tlie 
pale adductor magnus muscles. In Triton and Salamandra, the leg- 
muscles are reddish, but distinctly dark in single fibres only ; the 
rest of the muscles are pale and clear. Eanvier also finds a dis- 
tinction in number and distribution of the nuclei between red 
and pale muscles, but, according to Knoll, no general nile can be laid 
down. In all mammalian muscles investigated by him, the nuclei 
are “predominantly” set round the periphery of the fibre, but there 
are always individual fibres with instauding nuclei, and this not 
only in the red muscles as stated by Ranvier, but in the definitely 
pale muscles also (adductor magnus of rabbit). Generally speiik- 
ing, the centrally-situated nucleus corresponds with a low grade of 
development in muscle-fibre, and is therefore the rule only in fishes 
and amphibia, in which last many nuclei are often strung together 
in a longitudinal series, while in the muscle-fibres of birds and 
mammals the nuclei are generally placed at the periphery, close 
under the sarcolemma ; but here again there may be exceptions. 

Within the sarcoplasm, which, as follows from its develop- 
ment, represents the original formative plasma, lie the structures 
described by KoUiker as “interstitial granules,” and these, in 
virtue of their strong refractibility, are, when accumulated between 
the bundles of fibrils, the cause of the “ dark,” opaque properties 
of certain muscle-fibres. 

The greatest variety of mass-disposition, and relative propor- 
tion of sarcoplasm and fibrils, is exhibited by the striated muscle- 

u 
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fipTCB of the Arthropoda, which, anatomically and functionally, have 
reached the highest development. In view of certain important 
differences of structure, that must correspond with no less 



significant differences in function, two main 
types of striated fibres may be distinguished, 
wliich, although they exist only in certain of 
the Arthropoda, are always differently localised. 
These are what KoUiker has termed ty]ncal ” 
and " a-tyjpical ” fibres ; the first presenting 
essentially the same organisation as the fibres 
of vertebrates, while the second, which exist 
only in the thoracic muscles of winged insects, 
are very divergent in structure. With regard 
to the first type, we may distinguish, as in 


%miarfo. s,8arcopia8iiL vertebrates, fibres with prismatic columns 

Jtf, miiacle-coliiinn. ' ■*' . j 

(Sciiiotferaocker.) (polygoual in transverse section), and fibres 


witli flat bands of fibril bundles. The muscles of Crustacea 


(Astaeus) are a typical example of the first, exhibiting in 
cross-section just such a mosaic of polygonal Cohnheim's area) 
as we find in most vertebrate muscle-fibres (Fig. 18, h). The 


sarcoplasm, however, is 
always more abundant ; 
it separates not merely 
single muscle-columns but 
whole groups of them, 
forming (as in the muscles 
•of Amphibia) thick and 
usually nucleated lamella) 
in the interior of the 
muscle : the sarcoplasm 
also forms a continuous 
sheet, greater or less in 
thickness, immediately be- 
neath the sarcolemma (as 
in ceriain muscle-fibres of 




mm 


ho. 24.— Trausvei-se section of ninacle-ilbro, Hyih'opUUns. 
Sarcoplasm clear, muscle-columns dark. (Rol^ott-.) 


fislies). The muscles of Maja Sqtmiado (Fig. 23) afford another 
elegant illustration of this structure of fibre. In Beetles the 
polygonal prismatic muscle-columns are very prominent; the 
sarcoplasm lies evenly distributed, or is unequally heaped up in 
parts of the transverse section. 
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Sometimes tlie sarcoplasm will be found only in the cenke of 
the fibre, densely heaped up in a round, or slit-like, cavity. The 
muscle-columns, which in such cases form broad bands, are set 
radially round the central mass of nucleated protoplasm, like 
the leaves of a book, separated only by very fine lamella 3 of 
sarcoplasm, a disposition already familiar to us in the uni- 
nuclear muscle-cells of many invertebrates. According to 
lioUett, the dii’ect transition to this most characteristic structure 
in the muscles of the Dytiscidae is found in numerous little 
Carabidae, e,g. Brachinus, and the common wasp, where the 
muscle-fibres are more or less elongated in cross-section, and 
present radially situated Cohnlieim’s arete in their longer 
diameter. 

Eetzius (19) was the first to describe the very delicate trans- 
verse figures exhibited by the muscle-fibres of Dytimis marg. in 



a 


Fia. 25. — fi, Transverse section of inusclo-flbres (oxti-einitics) of Dytiscus tMmjiwdiH ; h, jmrt of tins 
section on aiiplication of dilute acids. Small secoiulary strata vlnnotinj,' the ei-oss-sections 
of single fibrils ap^iear between the iirimary strata of sarcoplasm, (v. JAiulioi^k.) 

gold chloride preparations, to which wc shall njturii presently (Fig. 
25). But his interpretation of the figures (adopted later by Bremer, 
V. Gehuchten, and Kamon y Cajal) must be regtirded as fallatnous, 
chiefly on the ground of the classical researches of Eollett. 
lietzius conceived the central muscle-nuclei with the surrounding 
sarcoplasm to be true cells (analogous to Schultze’s 
co'i'ptiscles) with excessively fine processes, and believed that these 
fihform nets, stretched horizontally in the muscle -fibre, were 
arranged at regular intervals one beyond the other, the fibrils 
lying in their meshes. On this assimiption, the outlines of 
Cohnheim’s area;, whatever their individual shape, must Ije viewed 
not as the optical expression of the sarcoplasm accumulated at 
the edges of the muscle-columns, forming a network of partitions 
right along the muscle-fibres, but as the superficial aspect of the 
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superposed nets of filaments, consisting of the cell processes of 
the muscle-corpuscles, and only connected longitudinally by fine, 
small fibres. Apart, however, from the fact that the appearance 
of a muscle-fibre in optical transverae section must then vary 
with alterations of the objective, according as the cross-section of a 
fibre-plexus, or the space between two such, is focussed (when in the 
first case Cohnheim’s areas, in the second a mere system of dots, 
corresponding with the cross-sections of the connecting longitudinal 
fibres, would appear — wliich never is the case), the comparative 
study of the development and structure of fully developed muscle- 
fibres and cells of different animals appears to us to be conclusive 
evidence against this theory, i'or the rest, it is sufficient to 

quote the masterly criticisms 
of ItoUett (20). 

The muscles of Flies ex- 
hibit very peculiar structural 
relations (Fig. 26). In trans- 
verse section the bundles of 
fibrils are once more flat and 
band-like, and usually consist 
of a single layer of fibrils 
only. These, however, are so 
disposed in series that two 
or even three tubes arc 
formed, fitting? into one 
another, and separated by 
strata of protoplasm, with which they are also fiUed and sur- 
rounded. The nuclei lie in the innennost, axial, plasma cylinder, 
as appears in the longitudinal section of such a fibre. These few 
examples will give an approximate idea of the multiplicity of 
figures in cross-section in the "^typical'' arthropod muscles. 
Before we pass on to the structure of the '' a-typical” wing- 
muscles (thoracic fibrils) of insects, the question as to the com- 
position of muscle-columns ” out of “ fibrils ” must detain us for 
a few moments. In Insect as in Vertebrate muscles, the direct 
proof is harder to find than in many muscles of the Invertebratea 
Even under the most favourable conditions, e.g. after treatment 
with gold chloride, which stains the sarcoplasm deep red or black, 
while the fibrillar substance remains uncoloured, so that each area 
of Colinheim stands out distinctly, no fiu’ther differentiation is 



Fig. 26.— I'raiiBverse section of striated inuscle-Ubres 
of M'lisoa domeslica. Low power; J5, highly 
magnified ; bands of niuscde - columns 

(bundles of fibrils) ; Sp, sarcoplasm. (Schlefier- 
dccker.) 
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visible as a rule within tlie latter, even with the most powerful 
enlargement ; the arete appear to be perfectly homogeneous. By 
the use of proper means (alcohol, acid), which facilitate the break- 
ing down of muscle-fibres into fibrils, or the swelling of the latter, 
it becomes, however, possible to detect the fibiils in cross-section. 
Cohnheim’s arese then appear to be subdivided into smaller fields 
lying in close juxtaposition (Figs. 25, 6 ; 26, JB). In longitudinal 
section also, the fibrillated structure of the muscle-columns — at 
least in places — becomes distinctly visible. Still it must be 
admitted that in comparison with the certainty with which the 
muscle-columns themselves can be demonstrated, their composition 
as bundles of fibrils is much harder to determine. 

If the typical muscles of Arthropods already exhibit a 
superabundance of sarcoplasm in comparison witli the majority 
of vertebrate skeletal muscles, this is to a far greater extent the 
case with the a-typical thorax muscles of Insects. As compared 
with the first type, these must be designated dark muscles, 
which is the more legitimate, since, like the '' plasm ic muscle- 
cells and fibres of vertebrates and many invertebrates, they are 
generally distinguished by their darker colour (reddisli, or 
brownish -yellow) from the clear, white leg -muscles. But the 
most typical characteristic of these wing-muscles (thoracic fibrils) 
of insects (discovered by Siebold, and first described minutely by 
Kolhker) is their readiness to separate into very broad fibrils 
(1 to 4 /a), which are bedded in the cavities of tlie copiously- 
developed sarcoplasm. The sarcoplasm again is richly studded 
with “ interstitial granules ” — which are often excessively large 
— and arranged in regular longitudinal series between the 
fibrils. 

Further, on examining fresh preparations, the wealth of 
tracheae is very striking. They not only wind themselves round 
the bundles of fibrils externally, but, as appears unmistakably in 
transverse section, penetrate inside the 'individual fibres, and 
ramify freely in the sarcoplasm. Within the meshes of the 
network of tracheae, it is easy in cross-section to distinguish a 
mosaic of circles, corresponding with the single fibrils, whose 
diameter, as compared with the excessively fine, elementary fibrils 
of the leg-muscles, is enormous. 

As a rule there is no sarcolemma in these larger bundles of 
fibrils (corresponding to muscle-fibre.^ in the wing-muscles of 
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insects ; they are bounded only by the surrounding, spongy, con- 
necting-substance, and supported inside by the system of branched 
trachea. The tracheal branches thus form, as it were, the 
skeleton of a fibril - bundle, while the sarcoplasm fills up' the 
cavities that remain between fibrils and tracheal ramifications. 

Glancing back over the facts that relate to mass-disposition 
of sarcoplasm, m contractile substonce proper of the fibrils, the 
general conclusion seems to be justified, that the elements of those 
mmdes which serve the most persist&iit or most stremious oMion are 
richest in sarcoplasm. (Cardiac and masticatory muscles of 
invertebrates and vertebrates, float-muscles of Hippocampus and 
other fishes, some of the lateral body-muscles of fishes, especially 
those in the tail -region, which govern the movements of 
direction.) 

Knoll (13, p. 47) pointed out, in this connection, a curious 
instance of divergence in the tail-muscles of Torpedo and Eaja. 
In the former there is a well - developed stripe of red, dark 
muscle, which is totally absent in Eaja ; there are corresponding 
differences in the swimming movements of the two animals, since 
in Torpedo the flexible tail executes a series of rapid sideway 
movements, which do not occur with Itaja. 

The wing -muscles of birds and insects afford another 
example. The great pectoral muscle of the best fliers consists 
exclusively, or almost exclusively, of plasmic, in the weak- winged 
“ fowls” predominantly of a-plasmic, fibres. In the guiding muscles 
of ainpliibia, reptiles, and mammals the a-plasmic and plasmic 
fibres are intermingled ; the last are more abundant in the free, 
wild species of mammals than in the domesticated animals. 
In the rodents, €.(j. (rabbit), they are entirely absent, or very 
sparsely distributed, in certain sections of the leg-muscles. In 
bats, on the other hand, the fibres of every muscle are rich in 
protoplasm. 

There seems therefore to be ,a direct relation hetioeen the ex- 
tension and farce of the contractile fhrils and the Indk of snrroimd- 
ing sarcoplasm (KnoU). 

If, as Sachs conjectured, the nutrition and metabolism of the 
muscle-fibrils {i.e. of the contractile substance) are intrinsicjilly 
dependent on the bulk of sarcoplasm, this relation is easy to 
understand. As a matter of fact there can be no doubt that 
energetic chemical changes do go on in the sarcoplasm, as is 
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proved, inter alia, by the frequent appearance of fat -drops, 
which are presumably in close, genetic relation with the inter- 
stitial granules mentioned above (Knoll). Again, we know 
that certain matters which penetrate the muscle-fibres are further 
distributed to the sarcoplasm; e.g, Leo Gerlacli (21) found that 
the muscle - fibres of frogs which had been treated for several 
days with indigo-carmine became speckled with blue, particularly 
towards the tendon end of the fibres, in consequence of the indigo 
assimilated, and often exhibited a definite, serial arrangement of the 
pigment. The rows of blue granules lie, like the fat-drops in 
other cases, between the fibrils in the sarcoplasm ; so tliat the 
indigo-carmine must be taken up by the sarcoplasm in solution. 
If, then, it really is the rdle of the interfibrillar plasma to preside 
over the nutrition of the contractile substance, the greater abund- 
ance of sarcoplasm in the muscles which seiwe the most strenuous 
and persistent functions is readily intelligible. The freouent 
pigmentation of the dark, plasmic ” muscle-fibres (as previously 
cited) seems also to be closely related. Such are — in opposition 
to the body-muscles — the deep purple-red bucical muscles of many 
snails (Chiton, Haliotis, Limnreus, Trochiis, Paludina, Littorina, 
Patella), the cardiac muscles of many invertebrates and all 
vertebrates, as well as the dark -red muscles which contain 
haemoglobin. 

The fi'iier structure of the single muscle-fibrils on the 

other hand, seems to be in relation with quite another ])roperty 
of the muscidar elements, ix, rapidity of contraction. We have 
already stated that distinct cross-striation of the fibrils is excep- 
tional in the uninuclear cells of Invertebrates, and where it 
does appear {e.g, in Medusic, adductor muscle of Pec ten, etc.) 
exists only in the more swiftly contracting muscles. l"hus O. and 
Pt. Hertwig (22) observed that the individuals of the Ily droid- 
colony have smooth muscle-fibres, so long as they remain attached 
as inert hy droid polyps to the parent, ‘‘ but acquire striated fibrils 
directly they swim off as active Medusa3.” Again, the tentacular 
muscles of the Ctenophora are usually smooth, only the lateral 
muscles of Euplocamis, which contract with esj)ecial vigour and 
rapidity, being striated. In Vertebrates, on tiie other hand, the 
bulk of the muscles is composed of cross-striated fibres, and only 
the sluggishly reacting muscles of the intestinal tract, urogenital 
apparatus, and blood-vessels, are smooth, i,e. exhibit- no further 
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differentiation in their fibrils. Lastly, in the Arthropoda, which 
are, generally speaking, characterised by extreme rapidity of 
movement, all the muscles arc striated, and it is just among 
these that we also find the most rapidly contracting fibres 
(thoracic fibrils of insects). 

It is easy to demonstrate that the cross-striation of a muscle- 
cell, or fibre, depends on tlie m'oss-striation of the single fibi'ils. 
Each of these appears in longitudinal section as though it were 
regularly segmented, or, more correctly, built up of separate 
layers, which exhibit fundamental differences in respect of optical 
properties, and affinity for staining, as indeed of all chemical 
and physical reactiohs. This construction is most evident in 
the thick, thoracic fibrils of insects, and in the bundles of fibrils 
known as “ muscle-columns,” which, in consequence of the regular 
juxtaposition of the single — often excessively fine — fibrils exhibit 
precisely the same transverse banding as that which we ascribe 
in this instance to each elementary fibril. The optical appearance 
of the striation is in general a regular succession of light and 
dark bands, which lie one above the other like coins in a rouleau. 
Such a series of strife may be very complicated in detail, since a 
whole system of light and dark parts can be grouped together, 
as it were, in a higher unit ; the regular, periodical alternation 
of the individual segments is, however, a persistent character- 
istic. The separate bands — as will be shown below — present 
quite a different appearance in the resting and in the contracted 
condition. The arrangement in the rcstiiig slate will be first 
considered. 

Both in Vertebrates and Invertebrates, the relaxed, striated 
muscle-fibre, or bundle of fibrils, exhibits broad, dark, transverse 
bands under an appropriate power of the microscope, separated again 
by smaller, clear bands; these last, in suitable preparations, 
can at once be recognised as the expression of the regularly juxta- 
posed, homogeneous segments of the fibrils, of which the muscle- 
fibres, or muscle-columas, consist between every two transverse 
planes of the fibre. In the simplest cases, each dark band 
appeal's to be divided in the middle by a faint, clear line, each 
light band by a dark line (Fig. 27, /, h and Z). In many cases, 
however, e.g. in the Arthropod muscles, the segmentation is much 
more complex (Fig. 27, II and III). It is convenient, with 
Eollett, to indicate the individual segments of the fibrils, or the 
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transverse bands or stripes to which these give rise in the 
entire fibre, by a system of letters. The large sections (Q), which 
appear dark on lowering the objective, are divided by the band 
(Ji), which is light with the same focus, of varying breadth, and 
not usually well defined, into three parts — the two “dark 
bands” {QuerscMcMm), and the less strongly refractive llensen’s 
stripe (“ Hensenche ” MUtelscheibe, h), which is not Jilways visible. 
Schiefferdeeker gives the name of “ middle band ” (M. “ Mittcl- 
schicht”) to a very fine dark line, first accurately described by 
Hensen, which sometimes appears in the “ middle stripe ” (A), 
but is not always visible. The segments (0 are generally longer 


III 



Fio. 27.— Scliftiiia of the transverse striation of Ucetle-nmsclo. (Rollett.) 


in Arthropod muscles than in Vertebrates, so that, witli the 
coincident longitudinal striation, the muscle-fibres look as if they 
were composed of long, dark rows of granules (Fig. 31). The 
dark band which bisects the clear segment with a low objective 
(as described by Amici) is known as Dobie's line (Z, Zvnschen- 
scliicht, Engelmann’s Zioischenscheihc'*), Krause described this 
band as the “ transverse line ” and “ basal membrane ' of his 
“ muscle-cases ” {infra). Between {Z) and the two char segments 
(«/), which in the simplest case (Fig. 27, I) arc only sepa- 
rated by it, two dark bands are occasionally visible ; they are 
very inconstant in their appearance, and are denoted by liollett 
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as (i\r), corresponding with Engelniann’s accessory discs (“ Nelm- 
sclh€iJ)en'') (Schema //, Fig. 27). 

Finally (Schema III), the dark band {N) may appear in the 
middle of the clear segment (e/), so that Dobie’s line {Z) is 
bordered directly on either side by a clear line {E), followed 
by {N), and then by another clear line (J), so that the entire 
system of bands in a fibre-segment enclosed between two Dobie’s 
lines (Z) is as follows : — {Z E N J QJNEZ)\ the next simplest 
case is (^iV' J" Q J N Z)\ the simplest of all (Z J Q J Z), It 
is important to remember that none of these several systems of 
strite can be regarded as characteristic of all muscle-fibres in any 
particular species of animal. On the contrary, the three conditions 
of striation indicated in the figures may occur in oiu arul the same 
fibre, and merge into one another, as shown by Engelmann in the 
muscles of insects in particular. This effect is due in the first 
place to different conditions of contraction in the fibres ; the most 
complicated kind of cross-striation always corresponding with the 
greatest relaxation of fibre. This by no means excludes the possi- 
bility of specific varieties of striation ; all the observations tend 
to show that if it were possible to investigate the muscle-fibres 
of different animals, or the different muscle-fibres of the same 
animal, when perfectly relaxed, or at the same degree of exten- 
sion, they would present very different appearances. 

The reaction of striated muscle-fibres, or individual layers of 
fibrils, and of the sarcoplasm, to different reagents, is extremely 
interesting both morphologically and physiologically, — the differ- 
ences exhibited being no less striking than in regard to optical 
properties. This is plainly expressed by the different colorability 
of the individual segments. If the transverse section, or the 
entire muscle -fibre, is appropriately treated with htematoxylin, 
we find that only tlie contractile, fibrillated substance of the 
muscle-columns stains in the first case, and not the interstitial 
sarcoplasm. On comparing good hsematoxylin preparations of 
muscle-fibres in longitudinal section, it is evident that only the 
segments {Q), {N), and {Z) ai’e stained, while the intermediate spaces 
between them {i.e, the sarcoplasm) and the strife Qi), (/), and {E) 
are almost or wholly unstained. 

It has been shown that the gold chloride method under certain 
conditions gives an opposite reaction ; the sarcoplasm only stains, 
while the contractile fibrils embedded in it remain uncoloured. 
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Hence iri cross-section (Biedermann, Thin, Gerlach, Eetzius, and 
others), Cohnheim’s arete stand out colourless from the very 
distinct red plexus of the sarcoplasm. The longitudinal section 
ot fibres treated with gold is no less divergent. Gerlach, who 
investigated vertebrate muscle only, characterises it as “ speckled”; 
each fibre appears interspersed throughout its thickness with a 
crowd of dark, red or black, dots and streaks, which, as Gerlach 
correctly observed, give an impression of continuous and often 
varicose fibres in places, and are only too easily mistaken for fine 
nerve-fibrils (Fig. 28). The gold chloride figures of Artliropod 
muscles are generally much more regular, 
and accordingly present less ambiguous 
conclusions. 

Before discussing these facts, it is 
advisable to consider briefly the simple 
action of acids, since this is always 
combined with the gold method. The 
first effect of treatment with very weak 
acids (acetic, fonnic, haloid, etc.) is best 
exhibited in muscle-fibres which have 
lain in strong alcohol (93 7o) 
twenty-four hours. The earliest and 
most striking changes occur within the 
system of striaB {Q h Q\ which swell 
up, and seem to bulge out from the 



wall of the fibre (or muscle -column). 
This process may go so far, on apply- 
ing a somewhat stronger solution, as to 
effect radical alteration in the stria* 


Pig. 28. — Surliicjo of muscle- llbn^ 
(Pi’Oi?) treated witli gold clilorlde 
to show Gerlach's “ speckles.” 
(Biudermaiin.) 


{N Z), which lie, as it were, crushed in between the much- 
broadened and now homogeneous {Q) bands (Fig. 29). 

On the other hand, the rapid swelling of the segments {Q h Q) 
at a still more advanced stage of the acid reaction may produce 
an explosive disintegration of the muscle-fibres into discs, by a 
process of continuous splitting up within (C), by wliich the 
segments {JNJE, Z, ENJ) are finally driven apart, and isolated 
as discs. It would follow that the changes which the longitudinal 
section of the muscle-fibre undergoes during the action of strong 
acids are to be referred partly to changes of form in the muscle- 
columns (or fibrils), due to differences of turgescencc in the indi- 
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vidual segnaents of the fibril, accompanied by changes of refracti- 
bility ; partly, however, to the sarcoplasm, which also undergoes 
changes both in respect of local distribution and of refractibility. 

Since the individual segments of the fibrils, or muscle-columns, 
swell in different degrees, so that each element appears alter- 
nately thickened and constricted (a form frequently obseiwed by 
Eollett in fresh, spontaneously contracting muscle-fibres), it is 
evident that the sarcoplasm which separates the muscle-columns 
, - M must be partially driven out of the 

interstitial spaces of the swollen 
sections, while it accumulates in the 
interstices of the narrowed sections. 
Eemembering further that the sub- 
stance of the fibrils (muscle-columns) 
is clear in acid, swollen muscle, while 
the sarcoplasm is dai'k (as in the 
normal fibre with a high adjustment), 
the explanation of the acid reaction 
is very simple. 

The acid figures described corre- 
spond (as Eollett shows) in all 
essential points with the gold chlo- 
ride figures, except that in the latter 
the darker knots of sarcoplasm, as 
well as the connecting lines, which 
result from the impregnation ol‘ the 
metal, are more or less intensely 
coloured, while the fibrillated sub- 
stance is unstained, so that the 
longitudinal section of the fibre gains considerably in clearness 
and X)recision. 

Another kind of discoid disintegration (differing essentially 
from the above) was first described by Bowman, and has recently 
been reinvestigated by Eollett, in the muscles of insects. This 
is a peculiar action of strong alcohol (93 %), in which the 
muscles have been steeped for some time (twenty-four hours to 
fourteen days). The figui'es obtained under these conditions are 
very characteristic (Pig. 30). 

In fibres where the cross-striation corresponds with the simplest 
schema (^J QhQJZ), the segments (QhQ) are found as trans- 
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Pig. 29. — Musclo-fibre of ApJuxlhin i-ufipt 
(iilwliol) splitting into discs after treat 
inent with weak acid ; swelling of 
layers. (Rollett) 
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verse dises, which are either completely isolated, or still lie mthin 
the sarcoplasm ; this last is more or less swollen, and divided by 
delicate partition walls, corresponding with the segment {Z'), into 
solitary cases or compartments arranged in longitudinal series, 
each case containing a transverse disc, corresponding elsewhere 
with the system of strhc {N J QhQJN). It is to be noted that 
the segments (§ h Q) do not swell out as in the acid reaction, 
but are only separated by alterations within the segment (Z). 
The sarcoplasm appears to be constricted at tire junction of the 
partition walls, while the cases between bulge outwards. 

Bowman explains this bulging, which 
is visible before the final breakdown into 
discs, by the withdrawal of the sarcolcmma 
from the surface of the discs, to which it 
adheres firmly. 

Eollett, on the contrary, observes with 
justice that it is not merely the sai-eolemma 
that shrinks, but also a portion of the sarco- 
plasm, which covers the inner side of the 
sarcolemma in a sheet of varying thick- , . 
ness, so that we are dealing JUS 

With a local vacuolation of the 
muscle substance. 

Our own experiments lead 
us to accept Eollett's explana- 
tion of the alcohol disintegra- 
tion into discs as entirely 
satisfactory. He assumes that 
the endosmotic pressure of the fluid in the circular atiials 
originally present in the muscle increases considerably, but 
that the segment (Z) possesses a certain firmness and resist- 
ance, while the impinging layer (Z) or (J) is very yielding, 
and therefore liable to maceration from the fluid. This results 
in the freeing of the intermediate layers as a disc within a 
compartment, the walls of which are formed above aiid beJow 
by a segment (Z), at the sides by the bulging of the primitive 
canal. The peculiar resistance of the segment (Z) had already 
been discovered by Engelmann. 

The figures which arise from this discoid disintegration of 
the muscle-fibres might, of course, be interpreted on the theojy 
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of W. Krause, that every muscle-column is composed of strata of 
“muscle-cases,” which in juxtaposition form the “muscle-com- 
partments ” of the entire fibre ; each muscle-case, bounded beneath 
by {Z) the “basal membrane,” contains, as well as fluid corre- 
sponding with (e/), a “ muscle-prism,” represented like the Bowman 
“ discs ” by the (Q li Q) system of strise. Krause only takes account 
of the fibrillated structure of the muscle-fibres, in so far as he 
assumes the muscle-prism to consist of muscle-rods (Bowman’s 
“ sarcous elements ”), which, according to the description given 
above, correspond with the segments of fibrils (Q h Q) only. The 
untenability of this theory, according to which not fibrils, but 
muscle-cases, are the elementary constituents of the muscle-fibre, 
is obvious from the facts we have stated ; the breakdown into discs 
within the segment (Q) in the acid reaction is very convincing 
evidence against it. Nor is there any better justification for the 
muscle-elements of Merkel, which are each bounded by two {Z\ in 
this case necessarily assumed to be divisible. This is not the place 
to enter into the many other systems (including Btitschli’s “ cell 
theory ”) that have been elaborated from time to time, in regard 
to the much disputed finer, and finest, structures of striated 
muscles. 

We have already had frequent occasion to refer to the optical 
prop)erties of muscle-fibrils, especially in striated muscle. Even 
when examined in ordinary light the difterent segments of the 
striated fibrUs exhibit a very different refractibility ; it may 
indeed be said, with reference to EoUett s system of indicating 
the individual segments, that all the bands denoted by consonants 
are more highly refracting, and also doubly refracting (anisotropous) 
although in very different proportions. 

As was said above, the bands (Z) and (A) appear much 
darker than (G) with a certain (low) power of the microscope, 
and it is owing to the strong refractibility of (Z) in particular 
that it is easily recognised even in imperfect preparations. The 
strife denoted by the vowels (J) and (A), as well as (A), are, on 
the other hand, less refractile and singly-refracting (isoiropom ) ; 
these, under conditions which make the bands denoted by con- 
sonants appear dim, will be clear and inverted. The doubly- 
refracting property of striated muscle-fibres was discovered by 
Beck in 1839, but Bilicke in 1857 was the first to examine it 
minutely. 
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Under a polarising microscope, with crossed Nicol prisms, the 
aiiisotropous bands and (C), wMch look dark in ordinary 

light, with a low objective, appear clear and shining, standing 
out sharply in a dark held, while the isotropous bauds {JE) and 
(A) remain dark under the same conditions. Very beautiful 
hgures are exhibited by muscle-hbres in polarised light wlien the 
held of vision is coloured by a mica or gypsum plate of corre- 
sponding diameter. The anisotropous layers stand out vividly 
in the complementary colours, according to the direction of the 
hbres. Light falling parallel with the long axis of the hbrils is 
singly refracted. With crossed prisms a transverse section, if 
sufl&ciently vertical to the hbro axis, remains dark in all its parts 
and at all azimuths, and does not change colour anywhere with a 
gypsum background. 

The anisotropous ‘ portions are also uniaxial, llriicke ascer- 
tained that they were positive by metins of a movable we(lge ; 

each muscle-hbre acts like the thick end of a quartz wedge when 
lying parallel to its axis, and is therefore positive like quartz. 

EoUett has recently applied the spectrum analysis of 
polarised light to this investigation, and has confirmed, with the 
“ spectro-polarisator,” the earlier observations of Engelniann, viz. 
that {Z) and {N) are less positively doubly-refracting than the \em 
refractile segment (^). At the same time the remarkably clear 
and sharp figures obtained with tliis method leave no doubt 
that the accessory discs (N) are just as much due to doubly 
refracting segments of the fibrils as (Q) or (Z). All the inter- 
communications of sarcoplasm, on the other hand, look quite dark 
polarised light, so that the doubly-refracting segments of the 
muscle-columns in the longitudinal section oi the fibre lie com- 
pletely isolated on a dark field in regular series close to oiu*, 
another.” 

Engelmann (2) has remarked that double refractibility is a 
widely distributed property of contractile protoplasm, appcfiring 
even among protozoans. The stalk muscle of Vorticclla, e.^., 
exhibits strong double refraction, and the fibrils behave exactly 
like the fibrils of striated muscle, le. are uniaxial, with the axis 
parallel to the longitudinal direction of the fibres. In Stentor, 
the cortical layer of plasma is usually doubly-refracting through- 
out its diameter, as well as the muscle-fibrils ; double refracti- 
bility is also very conspicuous in the rays of Actinospherium, 
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where each plasma ray acts like a doubly-refracting fibre with 
one optical axis, which is parallel to the longitudinal direction 
of the fibre, and therefore, generally speaking, with the direction of 
contraction in the plasma. The same properties also characterise 
the fibrils of the epithelial muscles of Hydra. The behaviour 
of the bi-obliquely striated muscle-cells of many vertebrates in 
polarised light is also remarkable. According to Engelmann, 
e.y., 'Hhe optical axis of the fibrils does not coincide, as might be 
expected from analogy, with their longitudinal direction, but in- 
variably with the long axis of the muscle-fibres”: the latter, no 
matter what angle the fibrils form with the fibre-axis, are always 
at maximum clearness, provided the axis lies at an angle of 45° 
to the plane of polarisation between the crossed Nicol prisms. 

Double refractibility therefore appears as a characteristic 
property wherever the contractile particles of plasma lie perma- 
nently in a definite directiony and moreover seems invariably to 
denote uniaxial particles, whose optic axis coincides with the direct 
tion of contraction. The striated fibrils must, with Engelmann, be 
regarded as consisting mainly of an isotropous basal substance, 
running longitudinally, in which the doubly-refracting particles 
(which must be regarded as the seat of the contracting forces) 
are arranged in regular striae, corresponding with the metabolous 
segments. 

It remains to give a brief account of the changes in cross- 
striation which take place during the contraction of the muscle- 
fibre, since they are of almost equal morphological and physio- 
logical interest. As we learn by observation, the changes of form 
in fibre, or fibril, of the muscle are a shortening and a thickening ; 
and this of course not merely in the entire fibril, but in each 
individual tract of the same, and each individual segment. 

If the attention is fixed on a contracted spot in a Living 
fibre, e.g. in insect muscle, which frequently exhibits short waves 
of contraction, with relatively low velocity, long after preparation, 
it is easy to distinguish two kinds of transverse bands within the 
wave ; one small and invariably dark, the other clear and some- 
what broader. The contracted fibres therefore present on the 
whole an aspect similar to the resting fibres, ix, a regular 
alteniation of dark and light cross -bands, only the single stride 
are much closer together, the dark bands much smaller than in 
the relaxed fibre. 
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It is also easy to see that the dark, sharply defined 
bands appear where the relaxed muscle presents the segments, 
{J Z JT)^ or {J N Ej Zy E N tP), and that the light bands correspond 
essentially with the contracted stride {Q h Q), 

The muscle-fibres of insects, killed by strong alcohol, often 
exhibit local contractions (‘‘fixed waves of contraction *0 in whicli 
the histological changes pro- 
duced in the striated fibrils 
during the transition from rest 
to contraction can be ascer- 
tained exactly by means of 
staining methods and reagents. 

These very subtle manifestations 
are of the greatest theoretical 
interest, and must be discussed 
a little more fully. 

As before, we may accept 
the penetrating conclusions of 
EoUett (22). On examining a 
well-fixed wave of contraction, 
from a fibre of Oiiorhynchus 
Toastix stained with haematoxy- 
lin (Fig. 31), it is in the first 
place evident that the dark-blue 
band ((7) of the contracted por- 
tion of the. fibre, Nasse's “ con- 
traction-disc,” is derived from 
the transformation of the system 
(J NEy Zy E N J)y and is there- 
fore the same section which 
Engelmann denotes as isotropomy 
and BoUett as the arimetabolcyus 
layer (a). 

In the relaxed arimetabolous layers the bands {Z) and {N) are 
deeply stained, the bands {E) and {J) not at all, or very slightly ; 
in the relaxed “ metabolous ” sections {Q h Q) (Engelmann's 
“ anisotropous ” layer), which Eollett denotes by /a, the ends of 
Q are more deeply stained than the centre h (Hensen’s stripe). 
With increasing contraction of the section (a), the diminishing 
bands (A) draw nearer and nearer to {Z), until at last the two 

£ 
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Fjo. 31.— -Muscle -IJbre of OliorUynchna moMix, 
showing ware of contraction. (RoJlett.) 
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{E) lines between (N) and {Z) can no longer be distinguished, as 
is the case at the outset in the less richly striated fibres. A 
striking change occurs in the next stage within the (a) system. 
Instead of the colourless segment (J) two strongly-coloured bands 
appear, while a clear stripe takes the place of between them. 
Rollett denotes the former by (J'), and the latter by since 
they are imdoubtedly derived from {J) and {2!), as appears particu- 
larly from their behaviour in polarised light — the dark (/') like 
the light (J) is singly refracting, while the clear {Z^) like {Z) is 
doubly refractile. When, as sometimes happens before the 
last stage is completed, the segments («/) are not yet quite dark, 
the segments (Z^) on the other hand not quite light, so that 
they resemble each other, the muscle-fibres meeting at the points 
of the contraction wave exhibit most indistinct cross-striation ; 
this is the so-called honiiogeneoug stage of earlier authors, form- 
ing the transition to the system («/) and (Z^ + J^), wliich again 
represents the commonest transition to the series of bands in the 
completely contracted muscle. While the clear (Z') is disappear- 
ing between the dark («/'), these in their turn melt into the 
contraction-band (Cf), as described by Nasse, which is highly re- 
fracting, very dark, and intensely blue, in the hsematoxylm 
reaction. It obviously corresponds with the system {J+Z+J) 
or (J+N+E+Z+E+E+J) of the relaxed and resting fibres, 
from the transformation of which it has arisen. 

The changes within the (metabolous) segments (Q h Q) are 
at first less striking, and the contraction is also smaller. Later on 
the band clears up, the difference between the darker {Q) and Qi) 
grows less and less, and finally a dark, ill-defined band {in. Eollett) 
appears in place of the latter. Eollett denotes the entire series 
of altered segments {Q h Q) in the contracted fibre by {Qf). The 
transition from relaxation to contraction in a fibre often proceeds 
much more slowly than in the example described above; the 
single stages may extend over several segments of the fibres, an 
effect which only enhances the clearness of these figures. 

Polarisation phenomena during contraction are not easy 
to follow on fresh muscle-fibre, but Eollett (22) was able to 
assure himself of a diminution of the double refractibility, 
a fact that can also be ascertained from fixed waves of con- 
traction, and had been previously conjectured byEngelmann (23) 
(cf. Ebner, 24, p. 233), It is directly apparent from the fact 
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that' muscle-fibres exhibiting such fixed waves of contraction, 
when considered on a gypsum ground in the plus and minus 
condition, exhibit no particular alteration of colour in the con- 
tracted as compai'ed with the relaxed parts, although normally 
increase of bulk in a muscle-layer does perceptibly deepen the 
colour, e,g. when two relaxed fibres partially cover each other. 
Even high waves of contraction exhibit, in comparison wifcli 
the relaxed portions of the fibre, little or no alteration qtia increase 
or decrease of colour, in the ascending or descending stages. 

This leads us to infer that in contracted muscle-fibres the 
increase of colour which should go along witli 
the thickening of the fibre is compensated, or 
over -compensated, by a diminution of thej;J 
double refraction coincident with the con- 1 
traction. n 

The method of polarised light enables ua 
further to form a conclusion with regard to a* 

another important point in the behaviour of « 

striated muscle-fibres during contraction. If 
the height of the metabolous and arimetabolous 
segments is compared in an appropriate pre- 
paration (Fig. 32) with crossed prisms, during 
the transition from the relaxed to the contracted 
portions of the fibre, it may be seen that with 
increasing contraction the height of the iso- 
tropous (arimetabolous) segments diminishes 
more than that of the anisotropous (metabol- traction. , in 
ous), so that the volume of the latter increases 
at the expense of the former, the total volume 
of the section in question, like that of the entire 
fibre, remaining constant. Engelmann has established these facts 
in appropriate objects by micrometric measurements. In order to 
explain the effect he assumes that fluid passes from the isotropous 
to the anisotropous substance in contraction ; the anisotropous 
substance swells, the isotropous shrinks. This water-exchange 
between the metabolous and arimetabolous segments must natur-. 
ally be imagined as between the elements of the muscle-column, or 
single fibril, corresponding with these segments. An inverse 
change in volume occurs upon relaxation, and the surplus of fluid 
returns to the isotropous (arimetabolous) system. This theory is 
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not only supported by the changes in volume {miwa) of the two 
chief systems of segments in each fibril, but is also confirmed by 
the diminution of double refractibiUty already mentioned in con- 
traction, as well as by the fact that under these conditions the 
isotropous (arimetabolous) bands appear darker and less trans- 
parent. The anisotropous, on the contrary (with the exception 
of the middle disc), is clearer and more transparent in ordinary 
Light. In proportion as the segments {Q) (dark bands) imbibe 
water from the isotropous system, they must become not only 
more voluminous, but also less refractile, and clearer, as well as 
less doubly-refracting. The isotropous bands, on the other hand, 
would become smaller and more refractile, and darker in appear- 
ance, as is actually the case. Finally, the alterations in colour 
of the contracted section of the fibre agree well with the theory 
that the anisotropous segments swell at the expense of the 
isotropous. The colourability of turgescent bodies, as well as 
their chemical constitution, is known to depend in great measure 
upon the degree of turgor at the moment. The rule for each 
single, turgescent, colourable mass is that it stains the more 
intensely in proportion as it contains less water of imbibition. 
As a matter of fact, increased colourability of the arimetabolous 
(isotropous) bands can be observed during contraction, while the 
metabolous (anisotropous) segments stain much less deeply with 
htematoxylin than during the resting state. 
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CHAPTER II 

ClfANGE OF FORM IN MUSCLE DURING ACTIVITY 

Some of the manifestations concomitant with activity in the 
muscle, e.g, the resulting changes in optical properties, have been 
described in the previous section. The chemical constitution of 
muscle -substance, and its alterations in activity, can best be 
studied in recent text-books of Physiological Chemistry. There 
remains for consideration the most striking manifestation of 
muscular activity, i.e. change of fw^in {contrcuition). The most 
essential feature — contraction in a longihidinal direction with simtd- 
tanemis eocpansion (increase of cross-section) — appears, as a matter 
of course, in all cases where the contractile particles of proto- 
plasm lie permanently or temporarily in a definite direction. 
This has already been pointed out re the more or less rapid, 
sometimes instantaneous, shortening and thickening of certain 
forms of pseudopodia {Myopodien, Myophryslcen), as well as in the 
myoid layer, or myonema, of certain infusoria, which must be 
regarded as true muscle. Indeed, the same changes of form may 
be observed, as it were, in an elementary stage in single fibrils, 
or bundles of fibrils, that reappear in the highly-complex, multi- 
cellular organs which it is usual to designate as muscles in more 
highly-organised animals. I n ev ery case the mechanical effect of 
^an^e .pf^^.fprm muscle d epends upon i^ skort^T^io. a^ 
longitudmal direction— never thickenw^. Hence it is 

customary only to speak of shortening, or contraction, with refer- 
ence to muscle-activity. 

We have already stated in discussing the manifestations of 
activity in the myoideum that a single stimulus of very short 
duration, e.g. a single, quick alteration of density in an electrical 
current, or the shortest possible mechanical impact, produces an 
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equally rapid contmction, with much slower subsequent elongation. 
A rapid contraction of this kind, which is especially characteristic 
of striated muscle, is termed a “ tmitchy This elementary form 
of activity is, however, by no means peculiar to muscle, since, on 
the one hand, the rhythmical, or even non-rhythmical, movements 
of a ciliated element may be regarded as consisting of single, con- 
secutive twitches, many flagella also “ twitching ” in contraction ; 
and, on the other, many muscles — the uninuclear, smooth muscle- 
cells in particular — contract so slowly that it is as impossible to 
speak of t^tch ” in these as in the far more sluggisli contraction 
of the pseudopods in most Rhizopoda. 

A “twitching” contraction seems invariably to denote the 
presence of fibrillated structure (more especially witli cross- 
striation), although, as we see in smooth muscle-cells, tlie differ- 
entiation of fibrils does not on the other hand invariably produce 
a very rapid contraction. 

In the most characteristic case of the “ twitch,” contraction, 
as far as can be seen, begins simultaneously with the cause of 
excitation, reaches its maximum as quickly as possible, and then 
dies out again in slmo relaxation. The very marked difference 
which appears between the duration of contraction on the one 
hand, and elongation on the other, in the contractile, twitching 
parts of the lowest animal-forms (stem of vorticella, spirostomum, 
myopodia, etc.), is due in great part to the peculiar iiiechanicfil 
relations which here govern contraction and relaxation. The 
twitching fibrils behave more or less like an unloaded muscle, 
swimming in mercury, which only recovers its normal length 
when an extending force is acting upon it. The course of a 
single twitch is usually so rapid that it is impossible, from direct 
observation, to detect any minutiee in regard to the time-relations 
of the contraction, and behaviour of the contractile fibres, in 
the individual stages of shortening. Finer artificial means of 
measuring time are necessary in order to ascertain the relations 
of the different phases within the brief act ol a single contme- 
tion.^ 

As a means of measuring such minute intervals as are here 
under consideration, preference must undoiil^tedly be given to the 

1 Cf. V. Bozolil, UiUersuclmiigen iiber die clekhHsdLe Errecrung der Nercm u. Mm- 
keln, 1861, p. 31. (Historical 8ur\'cy of attempts to measure the minute time- 
intervals occupied by nerve and muscle action.) 
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graphic tracing of the process to be measured, upon a rapidly- 
moving surface. If such a surface (of smoked gleiss or paper) 
moves with sufficient velocity past the point of a recording lever 
attached to, and following the contraction of, the twitching 
muscle to which it is attached, a curve is obtained, the abscissa 
of which corresponds with the time, the ordinates on the other 
hand with the magnitude of the contraction (expansion) of the 
muscle. This is the principle of the Hdmlwltz Myograph, which has 
been followed by a number of similar instruments, as described 
in every text-book. 

The time value of the abscissa in every such “contraction 
curve ” is easily determined if the speed of the travelling-surface 
is known, or if a tuning-fork tracing is taken simultaneously with 
the “myogram.” 

The application of the graphic method enables us at once, and 
simultaneously, to recognise the peculiarities characteristic of the 


a 



Pro. 83.— Curve of muscular contraction. (Helmholtz.) a, Moment of excitation. 


process to be examined, in magnitude, form, and duration. If the 
moment of stimulation is marked upon the recording surface, the 
rise of the lever from the abscissa does not usually coincide with 
the moment of stimulation, but occurs distinctly later, i.e. the 
muscle does not begin to shorten at the moment at which the 
induction shock takes effect, but a given time elapses before the 
charges produced by excitation bring about contraction, as ex- 
pressed in the movement of the lever (Fig. 33). 

TheJ^ngth of this time, measured between a and the begin- 
ning of the curve along the abscissa, was estimated by Helmholtz 
at about 0*01 sec. for a loaded frog’s muscle directly excited bjjm 
iiiduction shock. It is known as the penodpf latent stimulation 
(latency period) , Itecaiisc durin g this tim e no visible mechanical 
effect is p rodimed, by^Jhe stim^^^ Contraction of the muscle 
begins when the discharging stimulus has ceased, and is marked 
by the rising of the lever to the summit of the curve. From 
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this point the muscle lengthens slowly imtil it reaches its 
original dimensions. The interval between t he begi nning of the 
contraction and its maximu m is knp'^m^j jm jjer iod of risin g 
energy, tha t from the maximinn^to complete extension of the " 

; the entire period from the 
beginning of the contraction to complete extension represents the 
duration of the contraction. 

In regard to the amplitude, or height, of muscular contraction, 
it must be remembered that there is generally a more or less 
considerable, enlargement in graphic records, and that the length 
of the recording lever must always be taken into considemtion, if 
the real magnitude of contraction is to be determined. The two 
stages of rising and falling energy may easily be determined if mi 
ordinate i sjdrawn from the top of the curve, vertical to the abscissa. 
^ a r ule the first is distinctly shorter than the second, but the 
opposite may occur (e,^, on cooling). With regard to the form of 
the contraction curve it must be remarked that in many instances 
we cannot regard it as a complete expression of the process of 
movement, since the recording lever is frequently arranged (apart 
from possible spontaneous variations) so that its point describes 
the arc of a circle in moving. The velocity of the travelling 
surface has also a considerable effect upon the form of the tmrve 
— one and the same movement, recorded by tlie same lever, 
yields very different curves, according as the myograph plate 
travels fast or slowly. 


I. — Dependence of the Process of Contraction upon the 
Nature of the Muscle 


The marked differences which exist in regard to the rate of 
movement as manifested in different kinds of protoplasm, lead 
us a priori to anticipate that similar distinctions must exist in 
the muscles of different animals well as in the different muscles 
of the same species, as might be inferred at once from their fun- 
damental differences of structure. And indeed the merest glance 
shows that witho ut considering other external influences yet tq be 
men tion^, the form and process of contraction are essentially 
dependent on the nature of the muscle. Above all, we are im- 
pressed by the enormous difference exhibited between smooth 
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musdc and striated mttsde. The contractions of smooth muscle 
are incomparably slower than those of striated muscle, so that we 
could never speak of a “twitch” when a single stimulus was 
acting on the elements of smooth muscle. The entire course of 
contraction is, so to speak, macroscopic, since the latent period, as 
well as all the pliases of contraction and elongation, can be con- 
veniently followed by the eye without artificial assistance. 

Midway between these sluggishly contracting smooth muscles 
and the “ twitching,” striated muscles of invertebrates and verte- 
brates stand the uninuclear, cross-striated elements of cardiac 
muscle, where contraction is neither so sluggish as in smooth, nor 
so rapid as in most striated skeletal muscles. For this reason 
it was long a matter of dispute whether the single contraction 
of the heart, discharged by a momentary excitation (which 
in no way differs from a natural “ heart-beat ”), is really com- 
parable with the elementary single twitch of a skeletal muscle. 
But that it is so cannot now be doubted. It is clear that its 
longer duration is no sort of proof that the single contraction of 
cardiac muscle does not correspond with a simple twitch. Even 
among the striated skeletal muscles of different animals, or the 
muscles of the same individual, considerable differences may 
occur, as we have seen, in regard to rapidity of contraction, and 
it is easy to produce these artificially to a much greater extent 
than is the case in normal cardiac contraction. 

We shall therefore assume that every single contraction of 
cardiac muscle (vertehrate or invertehrate), wlutlier natural or pro- 
ducsd hj a brief artificial stimuhis, is an elementary “ troitchf 
althoiujh retarded and protrcbctcd in all its pliases. 

If, under approximately equal conditions, the contractions in 
the heart and skeletal muscle of the frog, excited by a single 
induction shock, are recorded by the graphic method with a 
lightly athiched lever, it wiU be found, as Marey pointed out (1), 
that the heart-curve and muscle-curve exhibit in respect of form 
the same characteristic peculiarities of rapid rise, and more 
gradual sinking. 

The latent period is, however, without exception, longer in cardiac 
than in skeletal muscle mider the same conditions, and the more 
conspicuously so in proportion with the difference in rapidity of 
contraction between the two kinds of striated muscle. As this 
difference is greater in poikilo-thermic vertebrates than in the 
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warm-blooded animals, the difference in the length of the latent 
period is more marked also. Thus in the frog the latent period 
may last 0*28 sec., while ~ m 

nemius of the same^ a^^ it is only 0-01 sec. according to 
Helmholtz, an d stiU shorter (0-005 sec.) according to the latest 
observations. The period of rising energy is, in the frog’s heart, 
2-3 secs, according to Marchand (2), whUe the same period 
in skeletal muscle must be measured by fractions of a second. 
The striated muscles of the medusae, which approximate to cardiiic 
muscle in other respects also, are characterised by a similar 
sluggish contraction (Eomanes, 3). 

Similar, if less extensive, differences in the time-relations of 
contraction have recently been shown to exist within striated 
skeletal muscle itself, and that not merely in different animals, 

bli t in o n e and the same individual, even jwithm oiie muscle. 

It Timy ie saidj speaking generally, that there are, in a ^thyswloyim! 
sense, two hinds of multinndear, eross-striated mmclc-fibres, charac- 
terised respectively hy rapid and Inj sluggish contraction (“ quick ” and 
“ sluggish ” muscles). Between the two there are innumerable 
intermediate stages. 

Jt is, e.^., evident that the skeletal ^ m of a tortoise or 
chameleon, as a rule, contract much more slowly than those of the 
frog or a warm-blooded animal; wliile, on the other hand, certain 
muscles of insects contract more quickly than the best-adapted 
muscles of warm-blooded animals. Tliis is practically obvious 
from the respective movements of the creatures, taking only, r.//., 
the slow sluggish movements of the tortoise in compirison with tlie 
marvellously rapid wing-beats of many insects, whose muscle- 
fibres must contract several hundred times in the second, llie 
contraction curve of such muscles must be immeasurably shorter 
tlian that of the frog or tortoise. It is proba ljle that, as Hennann 
(4, p. 38) suggestedl,a.CQRtiuuQU8,.g^^^ scale might be drawn 
up in the animal Idngdom, beginning, after Marey, at the excess- 
ively rapid c ontractions of the wing-muscles ot insects ; then 
striped skeletal muscles of birds, fishes, mammals, 
frpg^qads,, tqrtoises^aud dormice, then 

cardiac musc les, and finally most of the smooth muscle-cells w2ioHe 
contractio n process, as have sa^^id^ is macroscopic. In frog 
muscles the single twitch lasts, at ordinary temperature, from 
0-1 to 0*3 sec., in the tortoise often more than 1 sec., while in 
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the wiug-muscles of many insects the duration of a contraction 
falls to sec., lasting, on the other hand, for several 

seconds in smooth muscle. Hand in hand with these differences 
in the period of contraction are other differences in the size of 
the mechanical latent period, which, as a rule, increases with in- 
creasing duration of contraction. 

The fact that the striated muscles of the same animal may 
present very important functional as well as histological aiid 
chemical differences, is very interesting. Eanyier (0 w^ the fi^t 
to observe that the contraction p eriod d iffered jn the^pale andjred 
muscles of the rabbit, the red being disting^hed from the gale 
muscles by a comparatively long contraction period, and a corre- 



Fio. 84. — ff, Tlireo maximal contractions loaded at 50, 100, and 200 grs. ; h, four maximal 
contractions at 50 to 500 grs. (Oasl).) 

sgondingly longer mechanical latent period ; the pale muscles 
contracrnTucTmOT^ ffier a short latent period. Irfpai> 

ticular, Eanvier compared the function of the red semitendiiiosus 
muscle with that of the pale vastus internus, or adductor 
magnus, in rabbit, and found on stimulating with single induc- 
cion shocks that it did not contract quickly like the pale muscle, 
but shortened gradually, the latent period being four times 
greater. &onecker and Stirling (6) crafirmed these facts, finding 
the contraction period of red rruiijsde jimrhj ihree times 
as that of the pale, while the height of contrcLction of the former •urn 
oompared with the pode mu sde (Fig^ 34, a, &). 
Marev had m ade simil ar observation s on the differe nt niuscles of 

hyoglos sus was more slu ggish than 
^teqenennuus. Casli (7) ascertained by conclusive experiments 
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that in both the frog and tortoise different muscles are distin- 
guished by characteristic differences in the form and process of 


the curve of contraction. The average duration of contraction in 

different skeletal muscles of the frog is shown 
table : — 

ill the following 

See. 

1. M. hyoglosBUs 

0*2-0 -3 

2. „ rectus abdoniiuis 

0*17 

3. „ gastrocnemius 

0*12 

4. „ semimembranosus 

0*108 

5. „ triceps 

0*104 

Cash found the contraction period of Testudo i 

zm'oijmiio be: — 

Sec. 

1. M. pectoralis major 

1*8 

2. „ gluteeus . • . 

1*6 

3. „ palmaris . . . . 

1*0 

4. „ gracilis . . . . 

1*0 

6. „ biceps . . . . 

0*9 

6. „ spleniiis capitis 

0*9 

7. „ triceps brachii 

0*8 

8. „ retrahens coUi 

0*75 

9. „ semimembranosus 

0*6 

10. „ omohyoideus 

0*55 

Yet more characteristic than the duration is 

the nature of the 


process {fm'm), as expressed in the myograms. Many of these have 
such significant forms that they ought in a nieasuro to indicate the 
species of muscle. The accompanying figure (Fig. 35a) shows 
how differently gastrocnemius behaves from the triceps and semi- 
membranosus - gracilis group. These last muscles reacli the 
maximum of contraction soon after the lialf of their entire 
contraction period, while gastrocnemius takes two-thirds of its 
period for contraction, and only one-third for extension. If the 
following group of the most sluggish frog muscles (Fig. 35b) is 
compared with these curves, the difference is very striking. 

Fig. 35c of tortoise is even better qualified to show liow 
the contraction curves of different striated muscles may vary in 
form in the same animal. M. omohyoideus contracts most rapidly 
in correspondence with its function of withdrawing the head of 
the «Tn-Tng1 quickly under the protecting carapace when in danger, 
while the powerful pectoralis major, which sei-ves the movements 
of the heavy animal, « begins with an energetic lift, and delays 
some time at the apex of contraction.” Similar diff erences should 
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exist between the rapidly moving eye- and tongue-muscles and 
the sluggish skeletal muscles of the chameleon. 

It must further be remarked that both the relative and 
absolute height of twitch is much greater in the quick muscles in 
the frog than in the sluggish muscles. A rectus abdominis 



PiG. 86a. — Contraction curve of three diherent muscles of Frog under unifonii conditions. 

(Cash.) 



Fio. 86 b.— F our contraction curves of different muscles of Frog. (Cash.) 



Fio. 36c.— Four contraction curves of different muscles of Tortoise under uniform conditions. 
Tlio time-tracing is in secomls. 


muscle of JB. cmulmta, 32 mm. long, contracted about 2*6 times 
less frequently at medium tension than the gastrocnemius, which 
was only 28 mm. long. Tlie height of lift recorded (enlarged) 
amoimted to 6 and 15 mm. The sluggish hyoglossus, 26 mm.> 
lias, at approximately proportional tension, a height of twitch of 
1*5 mm. only (Griitzner). 

Kollett (8) has recently pointed out a remarkable instance of 
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sluggish contraction in warm-blooded muscles. We have already 
alluded to the peculiarities, especially the abundance of sarco- 
plasm, by which the striated muscles of the bat are distinguished. 
Experimental excitation, with single induction shocks, shows that 
the process of contraction in these conspicuously “dark” muscles 
(pectoralis major, biceps, and triceps) is remarkably sluggish. 
Eollett reckons an average of 0*025 sec. for the latent period, 
0*146 sec. for the ascending period of the curve, 0*;150 sec. for 
the descending period, le, 0*496 sec. for the total contraction. 
Hence these muscles appear more sluggish than any in the frog, 
but quicker than those of the tortoise, quicker than tlie i*ed 
muscles of rabbit, but much slower than pale muscle in the same 
animal. The differences in the contraction process of anatomically 
separate muscles in the same animal are very striking also in 
many invertebrates. Ch. Eichet (9) found very different curves 
of contraction in the tad and claw muscles of the crayfish, whether 
the contraction was discharged centrally or by artificial excita- 
tion. The curve of the tail-musclea is short, and similar to the 
gastrocnemius contraction of the frog. The adductor of the claw, 
on the other hand, described an extended curve, which differ 
essentially from that of the tail-muscles. This statement once 
more tallies with the normal movements of the parts in question 
(rapid flapping of the tail, sluggish but protracted closing of the 
claws). The greatest disparity in this direction miglit be ex- 
pected between the wing and other body-muscles of insects, for 
the wide histological differences between them are an a priiyri 
indication of corresponding functional modifications. Unfortu- 
nately there are no adequate observations a& to the contraction 
process in the former ; it is only known that tljey do contract 
with extraordinary rapidity. Eollett lias recently communicated 
some interesting experiments on the physiological divergences 
in muscles bearing the same name, but liistologically different, in 
insects (beetles) which are otherwise very similar (10). Tlie 
skeletal muscle-fibres, collectively, of Dytiscus differ fundamentally 
in structure from those of Hydrophilus, while each beetle jx)ssesses 
a perfectly uniform structure of its own muscle-fibres, llytiscus 
exhibits in a cross-section the fiat muscle-columns, and coiTcspond- 
ing radial arrangement, of Cohnheiin’s Area?, from which tlie 
rays of sarcoplasm stream out featherwise from the large accumu- 
lation round the nuclei (Fig. 25). Hydrojihilus, on the contrary. 
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exhibits Cohnheim’s Avem, with a central cavity filled 

with sarcoplasm ; each muscle-column is penetrated by a central 
canal, and uniformly bordered by sarcoplasm. KoUett employed 
preparations of these beetles, in which the muscles that work the 
thigh of the hind pair of legs were directly excited by induction 
shocks. These experiments exhibited a fundamental difference 
in form and duration of the single contraction in the two species. 
The curve of Dytiscus rises abruptly to the maximum of contrac- 
tion, and then sinks quickly back to the abscissa. The curve of 
Hydrophilus reaches its maximum much later, maintains it for a 
longer time, and then sinks gradually (the myogram of cockchafer 
muscle is even more extended) (Fig. 36). The courae of contrac- 



PiG. 8(J.— Coutractfon curve of leg-muscle of Dytiscui; B, of JlydrophUm ; C, of Melolmitha ; 
traced at uniform rate of tiie recording surface. (Rollott.) 


tion in Dytiscus Ls therefore comparable with that of the pale 
muscle, of Hydrophilus and Melolontha with that of the red 
muscle, ill rabbit. For the rest, the absolute duration of a 
twitch and its component periods varies in every case within 
tolerably wide limits. The following table from Kollett gives the 
averages of a great number of single experiments : — 


Beetle. 

Latent Period. 

Duration of 
Contraction. 

Ascending Por- 
tion of Curve. 

Descending 
Portion of Curve. 


Sec. 

Sec. 

Sec. 

Sec. 

I}ytiftcil8 . 

0*017 

0*112 

0*055 

0'067 

Hydi'ophihut . 

0*047 

0*350 

0*108 

0-242 

Melohiitka 

0*075 

0*527 

0*110 

0-411 


If tliis is compared with the numbers given by Marey (11) 
as the possible rate of contraction per second in the wing-muscles 
of different insects, the extraordinary disparity of the two kinds 
of muscle is most clearly established : — 
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House-fly . . . . 330 

Humble-.l)ee . . . 240 

Bee . . . . 190 

Wasp . . .110 

Dragon-fly .... 28 

Cabbage Butterfly ... 9 


Again we see that the respective properties of the nuiscles are 
more or less clearly expressed in the movements of the uninjured 
animal. 

Thus it is pr oved jbliat not only the striated muscles of 
different animals, b^ut those of the same species also, exliiEit 
fundamental differences in regard to the time -relations of the 
process of (X)nti:a( ^iQiiP^^^(^^^ investigations show that ibhe 

same holds good for the fibres of the single muscle also. Just as 
there are qmck jn^^ sIuggT^" muscles, so in many, and 

perhaps most, cases there are quick and sluggish muscle-fibres 
in^ne anatomical muscle. As early as 1805, Ritter poinied 
but a physiological difference in different groups of muscles, 
crediting the flexors of the frog with a lower, “ conditioned, and 
finite,” the extenso^^s with a more considerable, unconditioned, 
infinite ” excitabililiy. We shall have to consider these facts else- 
where in detail ; here it is enough to say that later experiments 
(particularly of Eollett) show that in electrical excitation of 
the sciatic nerve the flexors are mainly excited by weak, the 
extensors by stronger, currents. Griitzner (12) subsequently ascer- 
tained that the flexor muscles of the frog, with direct excitation, 
as well as indirectly from the nerve, contract much earlier, and 
much more rapidly, than the extensors, as is most obvious 
with normal circulation and non - fatigue of both kinds of 
muscle. 

In the first instance, this is only a further illustration ot tlie same 
proposition — that different muscles of the same animal may, under 
certain conditions, exhibit a different contraction period, and, it 
may be added, different excitability. We shall have occjision to 
refer to yet another observation of Ranvier, according to which 
the triceps humeri of rabbit— consisting both of red (sluggish) 
and pale (quick) fibres — contracts quickly at the beginning of a 
long excitation series like an unmixed, “ pale ” muscle, owing to 
the greater excitability of the pale fibres, but later on, when 
fatigued, sluggishly, like red muscle, because the more excitable 

F 
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quick fibres are more easily exhausted than the sluggish, but 
enduring, red fibres. 

Griitzner finds the same reaction in the flexors and extensors 
of the frog's foot. If in bloodless legs, the sluggish extensors 
and quick, excitable flexors are made to serve up frequent 
contractions, the initial difierence in contraction process will 
completely disappear, or even reverse itself. That is to say, the 
flexors — composed mainly of easily excitable, quick fibres — are 
more easily fatigued than the characteristically sluggish, resistant 
extensors. This is demonstrated by the following experiment 
(Griitzner, l.c.) If the iliac artery of the frog is tied on one side, 
the animal at first springs as if normal in the direction of its 
long axis, since the extensors (gastrocnemius) of both sides are 
able to function equally ; soon, however, the animal leaves the 
leg of the tied side extended, and only draws it up later — after 
its spring — to the body: the excitability of the flexoi's has 
already been diminished by the short anaemia. 

Where a single muscle is composed of two groups of fibres, 
differing physiologically as above, and provided the one group 
does not preponderate too much over the other, the contraction 
curve (with sufliciently strong excitation) must obviously be 
regarded as a combination of two curves, differing in form and 
time -relations, as can even occasionally be detected in the 
myogram. We have actually been familiar for a long time with 
certain peculiar double-topped curves of contraction, and their 
origin now becomes intelligible (13). In many cases, provided 
the “ sluggish ” fibres do not lag too far behind the “ quick " 
fibres, they also come into play at the first excitation ; the curve 
is double-topped from the beginning, as, e.(j., in the gastrocnemius 
group of the rat (14), and usually the frog's sartorius. In 
other, and indeed most, cases, where the quick fibres are in the 
ascendant, the mixed fresh muscle commonly contracts at the 
first effort of artificial excitation as if composed of quick fibres 
only — the simultaneously excited, but slower, and more sluggish 
portion being merely drawn along with the other. But if the 
quick part be more and more fatigued, the sluggish fibres come 
into action, and the curve becomes double-topped (15). 

The difference in excitability and contraction between 
the (juick and sluggish fibres is well exhibited in chemical 
excitation of the sartorius (Griitzner, 16). If the upper surface 
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of this muscle — just beneath tlie skin — is moistened witli 
a 1 - 2 7o solution of potassium nitrate, the muscle shrinks 
slowly together ; if the under sm-face is stimulated in the 
same manner there is little or no result. The whole muscle, 
however, contracts instantamoudy if electrically excited by an 
induction shock. The cause of this striking reaction is, according 
to Griitzner, that the sartorius of the frog consists of two layers 
of different muscle-fibres, of which the u^ppm* {skujyish) laytr con- 
tracts more slowly than the under {quick) layer, and while only the 
first is excited ly the potassium salt, both, hut especially the. quick, 
i^act to the dectricat stimidvs. So, too, many wann-blooded 
muscles (particularly if thin, e.g. muscles of belly, diaphragm), 
when curarised. If dabbed with salt solution they draw slowly 
together (peristaltic action) ; but if the same place, is electrically 
excited before, or after, with an induction shock, contraction is 
convulsive and instantaneous. All this evidence goes to show 
that a muscle, in many cases, has no physiological unity, but is a 
mixture of at least two functionally different elements, which, in 
the normal movements of the animal, serve for distinct purposes, 
as appears from the correspondence of the mode of movement of 
an organ, or single muscle, with the number of quick or sluggish 
fibres which characterise its movement. It is also instructive 
that (as EoUett pointed out) there are, besides the thoracic fibrils 
— ^chaiucterised by their extremely rapid contraction^ -in the 
wings of certain insects, other muscles, which are quite distinct 
anatomicially and physiologically, and are of very incoiisideraljle 
bulk as compared with the othei’S (the wing-muscles proper). The 
presence of two kinds of muscles is in obvious relation with two 
distinct actions. One of these is the unfolding of the wing- 
apparatus, arrangement of the wing-c^ses, and spreading of the 
wings. This action resembles the leg-movements. Tlic second 
action, on the contrary, is that of actual flight, which luis been 
shown by Marey to depend upon an extraordinary frequency of 
the beat of the wings in insects. In this Ciise the anatomical 
difference between quick and sluggish fibres is A^ery significant, 
and the thoracic fibrils are accordingly distinct on anatomical 
as well as physiological grounds. They comprise to a certain 
extent all those properties which are, as a rule, characteristic of 
muscles that contract permanently and quickly, i.e. great abund- 
ance of sarcoplasm, and a marked development of cross-striation. 
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The histological difierences between quick and sluggish 
muscles are much less in the majority of cases. As a rule it 
may be said that the latter, at least in vertebrates, are rieher in 
sarcoplasm, dark, and oftm smaller; while the quick, excitable, 
uiore easily fatigued muscle-fihrs contain less sarcoplasm, and are 
therefore clearer ami usually broader. As shown above, the dark 
fibres are often, though not invariably, stained by haemoglobin 
and other colouring matters. This is very conspicuous in the 
Pecten family, where the greater (yellowish-gray) portion of the 
adductor muscle consists of striated, the (whitish) remainder of 
smooth, muscle -cells. As Coutance and Thoring showed, the 
former serves only' the rapid closing of the shell, while the 
smooth muscle closes it slowly, but permanently and forcibly. 
This becomes impossible, and the shell gapes open, if the smooth 
part of the muscle is cut through ; the striated part can still 
efifect rapid closure on excitation, but never of long duration. 
The nicety of such an arrangement is obvious. Coutance (18), 
and later Knoll (17), showed the marked difference in the 
contraction process between the smooth and striated parts of the 
adductor muscle when directly excited. Lima inflata (according 
to Knoll) behaves like Pecten ; its adductor muscle does not, 
indeed, consist of two macroscopically distinct portions, but it 
contains smooth elements in many layers at the peripherj’', and 
singly in the interior, while the bulk of the muscle is composed 
of cross- (or obliquely-) striated cells. When undisturbed in sea- 
water, the shells of these muscles usually gape open pretty widely, 
but from time to time they are sharply closed, and tliis move- 
ment, as in Pecten, jerks the animal a step farther. In the 
Oyster also the adductor muscle consists of two parts, one trans- 
parently gray, the other white and tendon-like ; in MytUus only 
the white, in Solen only the gray are present. Schwalbe, w'ho 
was first to recognise that the gray part consisted of “bi- 
obliquely striated ” muscle-cells, also pointed out the fimctional 
differences between the two portions. If the act of adduction is 
compared in the shell of Ostrea and Mytilus the first is seen to 
close sharply and suddenly with external excitation, the second 
very slowly and gradually, so that the adductor muscle can be 
divided wliile the shell is open, and the knife is not wedged 
in, as would happen in the oyster. Schwalbe therefore thinks 
that the bi-obliquely striated fibres of Ostrea serve for shaiq), 
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energetic contractions, while the longitudinal fibrils in this 
case also produce permanent closure. In Auodonta, where a 
similar differentiation of the adductor muscle is shown in two 
sections visible to the naked eye, neither Engelmann nor Biedcr- 
marm was able to detect any perceptible difference in rate 
of contraction between the differently coloured parts of tlie 
muscle (19). 

II. — Dependence of Muscular Contraction upon Strength 

OF Excitation 

A systematic inquiry into this point is best effected with the 
aid of electrical excitation, in the form of single induction shocks, 
the strength of which can be graduated in the finest proportions. 
We are thus in a position to determine the law of dependence of 
contraction upon strength of excitation. proved ^hat 

below a certain mini mal limit of intensity (?//€ p/ 

stim idatioTi) produces no visible eifect ; the dis- 

charge of a contraction begins first with a given strength of 
excitation, and its magnitude (height) increases for some time, 
according to Fick, in proportion with imjreased strength of 
stimulus. Beyond a certain point, however, the increase in con- 
traction ceases, and the existing maximum is maintained for euch 
increment of stimulation. This maximal limit is usually but 
little above that at which the first just perceptible contraction 
was yielded. Tlie entire process of this greatest contraction and 
extension is known as a maodmal contraction. It may be 
described in Fick’s words (20) by saying, “h^ch impact of 
excitation discharges either a maximal contraction or no contraci- 
tion at all ; it is only in a limited interval of the saile of 
excitation (often hard to find on account of its narrow propor- 
tions) that sub-iiwudmal, so to say, imperfect, contractions are 
given.” We shall presently see that there are muscles (heart) 
which yield only maximal contractions. 

The law of approximately proportional incn^ase in height of 
contraction within the given narrow interval, deduced by Fick 
from experiments on indirect excitation of skeletal muscle, was 
subsequently disputed by Tigerstedt (21), wlio found (with direct 
excitation of curarised muscle also) “ that with uniform increase of 
strength in the electrical stimulus, the muscular contractions 
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increase quickly at first, and then more and more slowly (prob- 
ably in the form of a hyperbola), until they finally reach an 
asymptotic maximum ” (Lc. p. 1 6), a proposition which Hermann 
had also put forward (4, p. 108). Cardiac muscle seems, as was 
said above, at first sight to differ from all the striated, skeletal 
muscles in its lack of correspondence between strength of excita- 
tion and magnitude of resulting contraction. It appears from 
Bowditch and Kronecker (22) that, under all conditions, induction 
cun’ents of a given intensity produce maximal twitches of the 
previously resting muscles of the ventricle ; weak stimuli produce 
no elfect, while stronger stimuli elicit no more than the minimal 
effective stimulus ; minimal stimuli are therefore, as Kroiiecker says, 
at the same time maximal, and even the most careful gradation 
of the stimulus fails in the heart to produce an incomplete contrac- 
tion. Tliere seems to be only one exception to this rule, under very 
special circumstances. Mays (23), e,g., finds that occasionally in 
the apex of the frogs heart, with higher as well as with lower 
working capacity, the height of the pulse (twitch) will vary con- 
siderably with the strength of induction shocks sent in at a 
uniform rhythm. He obtains this result most certainly when 
the ventricle is filled with stale blood, and working in the oU-bath 
of the manometer. 

For the rest we can but agree with Fick when he sees in 
these peculiarities of cardiac muscle ‘‘ the extreme development 
of a property common to every other muscle-fibre,” since here 
also “ the breadth of interval in the scale of excitation for sub- 
maximal twitches stands in no relation to the unlimited portion 
of the same scale corresponding with the maximal contractions.” 
This in no degree solves the problem of the latter, since it is 
difficult to see why, beyond a certain limit, any given strength of 
stimulus should only produce quantitatively equal responses, which 
never cori'espond unJth the outside maximum of contraction. 

Apart from other facts to be discussed later, this is evident ex- 
perimentally, since what is not produced by increment of excita- 
tion can be obtained by rhythmical repetition of uniform stimuli. 
The height of coiitiaction, i,e,, may increase under given condi- 
tions, when uniform induction currents are sent into the muscle 
at uniform intervals. This striking effect Wiis first observed by 
Bowditch, again in cardiac muscle, and confirmed by Tiegel and 
Minot in the skeletal muscle of the frog, Itossbach in warm- 
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blooded muscle, Eichet in the muscles of crab, and Eomanes in 
medusa (24). I f unifor m induction currents are sent rln-tlnuic- 

ladder, or 
amplitude is almost 
9:8 shown in the accompanying series of 

curves (Fig. 37). 

observed an analogous effect in eurarised 



Fig. 87. Heart (Frog) artlllcklly excited after ligature of the siuuB. The flrat notch of each cim'R 
is produced by the auricular, the proiior summit by the ventricular systole. Both exhibit 
the staircase. (Kngelmann.) 


irog_fflfisdeslgaBtrocnemiu8) with intact circulation. If single 

strength are sesnt into such V muscle 
intervals, the height of contraction increases constantly, 
BO l ong as maximar stimuU are employed, even in a series of 
several hundred contractions, so that the height of the “ stair- 
case" (f .e. the curve which imites the joint summits of an ascend- 
ing series of contractions) increases within certain limits with 



Fio. 88.— Excitation of a somewhat exliausted bloodless gastrocnemius of Frog, by groups of 
1, 2, 8, 4, 5, uniform maximal break induction shocks. Increase in height of contmeiion 
with repeated excitation at short intervals (“staircase"). Decrease on longer duration of 
the pauses (tuning-fork, ^ sec.) (Engelinanii.) 


the gtongth of the individual Btimiili. On the application of 
minimal stimuli, there is, as a rule, no increment of the contrac- 
tion series, or at most a trace only, whereas in the maximal 
series it is invariably well developed (Fig. 38). If such a series 
is interrupted and resumed after a pause, the first of tlie new 
contractions is smaller than the last before the interval (Tiegel, 
Kossbach, Buckmaster), but the muscle immediately resumes its 
increasing contractions. Within a certain range it is absolutely 
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mdifferent at w ha t interval the peri odical excitotions foll ow. A 
maximal l imit is^onlY^giye^^ the stimuli sho uld not 

follow too slowlj, if a “stahxia^” he required. This maximal 
Ji mit is aoout „60_se(^. Jfo^ card iao muscle of the frog accord - 

for the striated skeletal muscles 
of warm-bl^ded animak to Eossbach. The minimal 

limit is determined by that intervaFoT at which the 

series of twitches fuses into a tetanus. In regard to the form of 
the staircasey it sh^d Jbe remarked "that^it is alwa ys, inde- 
^ndejS oF^trength and freguen^5L§^^^^ an equilateml 
hyperbola. 

When it is remembered that this manifestation is independent 
of the nature of the stimulus (occurring equally with mechanical 
excitation), as well as of the volume of blood in the muscle, 
there can bo no doubt that we are in presence of a process which 
is intimately connected with the excitatory process, or contracj- 
tion, in the muscle. We must reserve for a later point of the 
discussion the probable cause of the above reaction, only re- 
marking in conclusion that a similar, perhaps more permanent, 
after-effect to that following each single twitch, also appears after 
a tetanising excitation. Both Eossbach Qx) and Bohr (25) found 
that the same excitation produced a greater effect (stronger con- 
traction) after than before the tetanus. With maximal stimuli 
this positive after-effect often continues for more than half an 
hour. 

The latent period, as well as the height of muscular contrac- 
tion, is partly dependent upon the strength of the excitation. 
Helmholtz’s estimation of the latent period as 0*01 sec. with 
direct excitation of frog muscle (gastrocnemius) by single break 
induction shocks, has been proved far too large by later investi- 
gators ; the variously estimated values of Place, Kltinder, Lauter- 
bach, Gad, Mendelssohn agree in showing that the latency period 
of frog’s muscle, directly excited with induction shocks, is only 
from 0*005 to 0*006 sec. (cf. Tigerstedt, 26). Tigei*stedt {Ic, 
p. 152) also obtained the same result from his own extensive 
obseiwations. Thei*e is, moreover, the possibility that the latent 
period of muscular contraction is even less in value, since 
other significant data are included in the same computation. 
Burdon- Sanderson (27) calculates the latent period of frog’s 
muscle at 0*0025 sec. only, and Eegeezy (28) even denies its 
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existence. Helmholtz observed that in working with induction 
currents strong enough to produce the maximum of conti^tion, 
the intensity of current may be altered arbitrarily witliout in 
any way affecting the time -relations. Tigei'stedt finds the 
latent period of contraction, with direct maodinal. stimulation 
from break induction shocks, to be independent of the strength 
of excitation in non-curarised as in cumrised muscle. But 
within that range of current intensity, in wliich the height of 
contraction does increase with the increment of stimulation, the 
latent period, according to the same author, steadily increases 
with decreasing height of contraction, at first more slowly, sub- 
sequently in increasing proportions. This is true of normal, as 

well as of curarised, muscle. 

« 

The Latent Period of the Entire Muscle aiul of the Muscle 
Elements 

At this point we must attack the question often raised in 
recent discussions, whether the latency period of the muscle elcTnent 
{i,e, smallest section of a primitive fibre) differs or no from that 
of the entire muscle (consisting of many fibres). All the observa- 
tions, after Helmholtz, on the time-relations of contraction, refer to 
individual muscles in the coarse anatomical sense. But if we 
look more closely into the mechanical alteration in state of the 
muscle elements (i.e. least possible segments of a fibre) it is 
evident that not only the active changes in form and constitution, 
produced by the excitatory processes, but also the liossive dis- 
position, which results from the interconnection of the individual 
elements in the continuity of the fibre, must be ttiken into con- 
sideration. To a final theory of the muscular process the former 
only is of immediate importance, but the other fiictors cannot 
be neglected, since, as is easy to see, they are essentially 
significant in the mode of manifestation of the contraction of the 
entire muscle. It is not difficult to show that on exciting one 
end of a loaded muscle with parallel fibres, the part farthest 
from the point of excitation will submit to a considerable 
extension before it goes into contraction. Tliis is best seen 
in polymerous muscles ( 29 ). \i, 'e,g.y the rectus int. maj. of 

the frog, which has an oblique tendinous intersection towards 
the centre, is made to hang vertically witli the tibial end upper- 
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most, and provided with two levers, oue of which is inserted in 
the upper half of the muscle just above the intersection, the 
other in the cartilaginous acetabulum, and if the lower half of 
the muscle is then excited with single induction shocks, the 
graphic record of the change in form of both halves of the 
muscle shows at once that at the moment when the lower and 
directly excited half begins to shorten, the upper remains pas- 
sively extended (Fig. 39). 

“ But the consequent rise of the upper curve soon changes 
into a fall below the abscissa, corresponding with a shortening of 
the upper half of the muscle,” which is brought about passively 

like the previous exten- 
sion. “ As soon as the 
lower muscle contracts, 
its two ends are drawn 
together, i.e, it raises the 
weight on the one side, 
and extends the upper 
half of the muscle on the 
other. But the weight, 
once set m motion, rises 
in virtue of its inertia 
far beyond the intrinsic 

Fio. 39.— 0 , upper; 1 *, lower half of muscle. (MUoser.) height of lift ( height of 

projection ’). At the same 
moment the entire muscle, including the upper half, is unloaded ; 
the latter flies back, and shortens, thus simulating a natural 
cumtraction ” (l.c. 251). 

This phenomenon was actually applied by Kegeezy (30) in 
support of the view that the excitation process passes from one 
half of the muscle to the other by means of a tendinous inter- 
section. If all jar is avoided, extension of the upper half of the 
muscle only wiU be produced under uniform conditions, persisting 
so long as the lower half remains contracted. Wliat is here said 
of a polynierous muscle, divided by a tendinous intersection into 
two parts, physiologically independent of one another, applies 
equally to the two halves of a monomerous, parallel-fibred muscle, 
e,g, sartorius, the lower end of which is loaded and excited, a 
light lever being pushed through the centre of the muscle. The 
upper half of the vertically dependent muscle will always be 
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perceptibly extended before it begins to shorten (31). This 
effect fails when the recording lever is connected with tlie lower 
end of the muscle, i.e, under normal conditions of recording a 
muscular contraction. Tlie shortening of the entire mmcle is 
not therefore preceded by any lengthening (extension). Eixch 
individual mmde element is, however, in the first place extended 
by the excitation, or contraction, of a distfint spot, for the loaded 
muscle exerts a greater traction on its point of dependence so 
long as it pulls up its load in contracting, than during rest (Gad). 
It is therefore clear that under these conditions tlie mechanical 
latent period of the whole muscle must l)e longer than the 
mechanical latent period of the muscle element, and that accord- 
ingly the shortest latent period observed in the whole muscle 
must approximate most nearly to the true value of that of the 
muscle element. In order to cut out this delay in the latent 
period as far tus possible, each point of the entire muscle ^/uuld 
have to be simultaneously excited, which is not the aise in any 
form of electrical excitation. Even where current passes through 
the entire muscle, the excitation, as will be shown, proceeds only 
from given points of the area stimulated. Here, again, the 
mechanical latent period represents only the upper limit of the 
true latency, since the energy (mechanical yield of work) of the 
muscle must already have exceeded a certain output, in order to 
produce a visible movement of the lever. 

Tigerstedt {he,), from a gi-etit numl>er of experiinents, carried 
out under most varied conditions, determined the following 
values for the mechanical ktent period in the frog’s gastroc- 
nemius : — 

Latency Period in Secs 

0*003 
0*004 
0*005 
0*006 
0*007 
0*008 

According to this ttible the mechanical latency would be 
from 0-004 to 0*006 sec.; in most cases (41 7o) it was 0*006 
sec. Tlie mechanical latent period of the 'muscle elements 
could certainly not exceed 0*004 sec., but is probably much 
smaller, since it is certain that within the time usually reckoned 
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as the latent period of muscular contraction, Le, between the 
moment of excitation and the estimated commencement of con- 
traction, a great number of muscle elements must already have 
been thrown into mechanical activity. Conclusions as to the 
latency of muscle elements might with more justice be deduced 
from the latent period of the eocpansion of a directly excited 
point of the muscle, by which the state of activity of any 
muscle particle can be followed as it develops. A muscle element 
is much too small to produce any perceptible mechanical effect 
by itself in contracting, so that the question of the magnitude of 
its mechanical latent period cannot be solved by direct experi- 
ment (Gad). It may be taken as proved by experiments, which 
we shall discuss later, that there is no latency period in the 
chem/ical changes in muscle substance, consequent upon excitation. ; 
whether there is any appreciable interval before Tnechanical energy 
is locally developed, must be regarded as questionable. 


III. — Effect of Loading (Tension) upon Magnitude, Dura- 
tion AND Form of Muscular Contraction 

It hiis been shown that the absolutely unloaded muscle (c..g, 
swimming in mercury) retains its contracted form if no extend- 
ing force is acting upon it. It is therefore impossible to obtain 
a graphic record of the process of shortening and elongation in a 
perfectly unstretched muscle. Some kind of lever, however 
light, must rest upon it, and the movements of the lever are counter- 
balanced by a traction (load) working against the shortening, 
as soon as relaxation commences. This entails certain errors in 
the curve of the contraction which — particularly in the older 
experiments, where inert masses were not eliminated — have been 
a great source of confusion. More especially in the descending 
portion of the curve, secondary smaller waves, with no corre- 
sponding active changes of form in the muscle, are produced by 
intrinsic variations of the rapidly accelemted falling mass. 
At a later period these fallacies were almost wholly avoided by 
using the lightest possible lever, and choosing a suitable point of 
attachment for the load (20). Where the tension of the muscle 
remains approximately constant during the course of a contrac- 
tion — as is the case when it is attached to a long one-armed 
lever, of the smallest possible bulk, while a weight close to the 
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fulcrum pulls on the same lever in the opposite direction — such a 
contraction is termed “ isotonic ” (Fick) (Fig. 40). Ij^ v^U 
then be found as a rule that, with heavy loading, the height of 

m^iiitude of the 
rapidly at first, and afterwards much more 
^ ^ in fTiyportim mth the loading, so that the 

am'e^oridvmj yield of work ma^eases dm ultaneously ivithmt JiUir- 
iniption (cf. S antesson's tables, Scandmavischm p. 

25 f.) TJ nder certain conditions a direct ino^ease in magnitude 

^^OTtractipn,^ qfj twitch) is visible with ' increasing 

tension. As early as 1863, A. Fick observed in the adductor 



muscle of Anodonta, which consists of uninuclear fibre -cells, 
that the height of lift increased with increase of loading ; Heidon- 
hain asserted the same paradoxical fact in tetanising striated frog 
muscle, and later on it was also determined for single twitches 
by different experimenters, provided that during the isotonic 
process the load is not excessive (Fick, Marey, v. Frey, 32). 
More especially in the case where the t ensio n of the muscle in 
contraction increases constantly, 91 * from a given moment (e.g, 
vvhen the muscle pulls on an elastic spring), the shortening will 
be. greajjer with stronger, than witb.^diniinished, initial tension. 
Xhis. f^t was. established ^b^^ when he showed 

that if a muscle is appropriately hindered in shortening, and the 
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determined, the twitch is_,mvariably jnrreater than under n oimal 
conditions. The same also appears when the muscle is loaded 
with increasing weights, and discharged at the same moment after 
excitation. Place (32) found that on using a spring lever where 
the resistance to be overcome, and consequently the tension 
during the course of a contraction, increases steadily, the height 
of the twitch increases also if the initial tension is raised from 
0 to 25 gr. Tigersted (26) subsequently observed an increment 
in height of contraction with even higher initial tension, under 
similar conditions ; and, lastly, the same relation is treated very 
circumstantially by C. G. Santesson (32). 

From all these e^^erimei^s we may conclude that m thin 
certain limits the magnitude of contraction (height ^ ^witoh) im 
creases along with the initial tension, as well as with augmentation 
of tension, during the jperiod of cpntr^tion^^^^t^^ it must , be 

added that this increinent in height of twitch can neither be. due 
to the mechanical conditio ns of the experiment, 
temporary alteration of excitability from the electrical stimulus,Jbut 
miTSt be referred to a specifte ^operty of living musde-suhstmiee. 
As Fic¥ expressed it, the muscle is not at a given moment of 
the twitch invariably the same elastic body possessing a given 
(uniform) tension in virtue of its actual length at the moment. 
The cause of these manifestations can rightly be looked for in 
nothing else than in a latent state of excitation, produced by, and 
varying with, the mechanical conditions under which the twitch 
is consummated. Schenk (33), indeed, states boldly that the 
strong reaction by which the muscle always responds when its 
contraction is in any way inhibited or even hindered, reacts upon 
it again as a ‘‘ stimulus,'* which may in its turn affect the pro- 
cesses both of contraction, and, under some conditions, of 
resolution of contraction also. As a rule the duration of the 
contraction alters simultaneously with the height, on increasing 
tension of the muscle ; on the other hand, the commencement 
of shortening is not visibly affected. On raising the equi- 
librated mass to be moved by the muscle to 200 grs., Tigerstedt 
found that the latent period was very slightly lengthened in com- 
parison with its proportions when only a Light lever of hardly any 
bulk was carried. 

The reaction thus described for the striated skeletal muscles of 
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Vertebrates is by no means confined to tliem, but occurs oven more 
demonstrably in smooth, as well as in cardiac, muscle. We have 
already referred to kick’s experiment of the effect of increased 
tension from increased loading on the magnitude of contraction in 
the adductor muscle of Anodonta. The consequences of augmented 
tension on cardiac muscle are very striking, both in vertebrates and 
invertebrates. The effects observed are indeed somewhat ambigu- 
ous, owing to the intracardiac nerves, which, as a rule, govern the 
normal rhythmical movements of the heart, and whose interference 
is not easily excluded. The simplest experiments ai*e those with 
the a-ganglionic ventricle of the frog’s hejirt, which luus been 
separated from the auricle — the so-called — or with the snail’s 

heart {Helix ‘pomaiia), where no ganglion-cells have positively been 
discovered. Since the apex of the heart — like liII excised skeletal 
muscle — contracts only on artificial stimulation, otherwise remain- 
ing permanently quiescent, it is admirably adapted to experiments 
on the effect of increased tension of the iniiscle-wall, from increase 
of intracardiac pressure on excitability and work yielded. These 
experiments were first introduced by Ludwig and Luchsinger (;14). 
In order to isolate the pressure effect as far as possible, the apex 
of the heart was filled with physiological salt solution. Jtegular 
rhythmical pulsations of a ventricle, which had previously l)eeii 
quiescent, will usually begin at a pressure of 20-50 cm. of water. 
A small mechanictil stimulus is usually required to bring about the 
first contraction, which is then followed spontaneously by an entii'e 
series. The pulsation varies regularly with change of pressui’e, 
and is indeed higher within a certain range, in proportion with 
the pressure (cf. tables of Luchsinger, lx, 292). Engelmann 
(35) made similar observations on the equally a-ganglioiiic bulbus 
aortas of the frog. The effect of tension of the wall is, howevei’, 
seen most effectively in the thin- walled snail’s heart (36). Even 
in the living animal, it may he seen that evacuation of the quiescent 
heart, by snipping it, produces a more or loss prolonged pause 
in diastole, or a much retarded action. If the heart is excised it 
is evident that every expansion of the relaxed and eujpty ventricle, 
however slight, is sufficient either to set up (rhythmical) contrac- 
tion or to accelerate the beat considerably, so that tlie force (jf 
the individual contractions also must be essentially augmented. 
The same fact has also been established by Schoenlein (37) for the 
heart of Aplysia. When the extension is not too weak, and in 
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particular where it lasts for a considerable period, a more or less 
extensive after-effect may regularly be observed — the rhythmical 
contractions even lasting for some time after tension is removed 
from the heart. Ludwig and Luchsinger observed the same after- 
effect on the frog’s heart. 

In Helix pomatia it is easy to introduce a convenient canula 
through the auricle into the upper part of the ventricle, and so 
fill the heart with fluid (snail’s blood). Under these conditions, 
the internal pressure, together with the amount of wall-tension, 
undergoes the simplest alteration. It is often sufficient to incline 
the charged canula, with the heart, a little out of the horizontal, 
apex downwards, in prder to produce pulsations in the previously 
quiescent ventricle. Another method, which is in many ways more 
convenient, is to place the canula vertically with the heart, so that 
the pressure of the entire column of fluid acts on the inner waU of 
the ventricle. It is then easy by gradual immersion in a second 
vessel, filled with 0*5 °/o solution, to raise the pressure acting 
upon the external surface of the heart from zero to the point 
at which internal and external pressure are equal, and wall-tension 
therefore abolished. The difference of level of the fluid in the tube 
and in the external vessels will then be the measure of amplitude of 
wall-tension at any moment. The following figures illustrate the 
changes of pulse-rate with change of wall-tension under the above 
conditions : — ^ 


Height of PrcHsure. 

(Difference of Level in Cniiulu 

Beats per minute. 

and External VesaeL) 

30 inm. 

50 

15 „ 

36 

8 „ 

21 

6 

11 

2 „ 

0 

30 „ 

50 


Luchsinger (28) has also been able to show in the rabbity 
iirieter the effect in this sjnoo th, muscu lar or^^ walLtension 
qn contraction phenomena; so that in yiew^of _all. the previous 
evidence we cannot doubt that incr eased tension increases the 
yield of work, not merelj in striated skeletal muscle, but m an 
^en Kgher degree in the heart and sniootli muscles. And this 
increase is expre^ed not only in an increment of the individual 
contractions, but also in the discharge or acceleration of rhythmic- 
ally repeated contractions, i,r. the augmented (wall-) tension 
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does not merely increase the excitability, but it also acts directly 
as a discharging stimulus. Heidenhain showed for striated skeletal 
muscle that not merely the mechanical yield of work (which is 
essentially conditioned by the magnitude of contraction or height 
of twitch) increases, but that, generally speaking, a larger proportion 
of the potential energy stored up in the muscle is employed, ie. 
that exchange takes place between the greater part of the chemical 
tehsions ; and this has been confirmed by later experiments. But 
when this occurs with one and the same strength of a given 
stimulus, the cause must lie in a change of state in the muscle 
itself, which might be termed increase of excitability. When we 
find that, beyond a certain point, expansion, or tension, per sc may 
act on cardiac muscle as a permanent stimulus, inasmuch as with- 
out the addition of any further stimulus it can discharge long 
series of rhythmical contractions — wliile in other cases an external 
impact, a new stimulus, may also be required, which, however, 
would be inadequate without the simultaneous extension of the 
muscle — it seems legitimate to refer ^ke hm^easc of excitability (of 
which it is usual to speak in the latter case) to tlic presence of a 
permanent condition of excitation^ earned by the exteiis'ion-stinmhtSf 
hid in itsdf inadeqiutte to produce risible effects of stimulation. From 
this point of view the state of increased excitability of living 
matter would only gradually become distinguishable from the 
state of excitation. In,ter on we shall encounter numerous facts 
which are in favour of this theory. 

When a muscle is so heavily loaded that it is unable to raise 
the suspended weight, the most powerful stimulus will fail to 
produce any external visible alteration, while at the same time the 
properties of the muscle are fundamentally altered. In the first 
place, the elastic traction (tension) of the excited muscle is consider- 
ably greater in its initial length {;ie. in its unexcited state) than it is 
in the resting condition, for the true contraction first appears 
in consequence of this altered state, since the dependent load is 
overcome by the increase of elasticity due to excitation. By using 
Fick’s method it is possible to prevent a muscle from perceptibly 
altering in length, and at the same time to show its actual tension 
by a visible indication. This is most simply effected by attaching 
the muscle to the short aim of a two-armed lever, while an 
elastic spring confines the movements of the longer arm. If the 
latter is drawn out beyond the point of insertion of the spring, 
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and allowed by means of a writing-point to record its movements 
on a travelling surface, a curve will be obtained (with almost 
total exclusion of change of form in the muscle) which represents 

essentially the increase 
and decrease of tension 
during contraction, with 
approximately constant 
length of muscle (Figs. 
41 and 42). Such a 
curve is termed by Fick 
an isometric ” curve of 
contraction, because it is 
recorded with uniform 
length of muscle, while 
with the usual “ iso- 
tonic” method, on the 
contrary, the tension re- 
mains approximately 
constant, and the muscle 
contracts freely. It is 
naturally impossible to obtain a tracing of an absolutely iso- 
metrical muscular contraction; for if a lever is to be moved, 
and serve as index of increasing and decreasing tension, the 
muscle cannot be stretched quite immovably between two points, 
as would be required in 
absolutely mathematical 
and exact isometry. The 
force opposing the tension 
is rather exercised by a 
movable body, which draws 
a writing-point nearer or 

farther, according to the 

•IT i» ±. • Fig. 42.— (t, Isotonic curve of twitch; iaometiic cuHT 

magmtude of the tension. oft^vltch. 

Yet this occurs in so 

slight a degree with Fick’s tension -indicator that the highest 
appreciable tension- value in the shortening of the muscle is only a 
fraction of a millimeter. The tension-values to which a muscle 
attains its contraction are under some conditions very consider- 
able. If isotonic be compared with isometric curves, d escribed 
bythe sai^muscL under un%rm condi tions, w e find invariably 
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that the simmit of the laiMbe]^ 11^ _muc^ to the initial 

point tha n the summit of tte^ ^4, m other words, 

with constant length the muscle replies the niaxmium of tension 
much sooner than with constant tension it reaches the maximum 
of sEor^ iiing 42 ). 

IV. — Effect of Fatigue upon the Process of Muscular 
Contraction 

The most, fundamental sign of distinction between living and 
dead matter is undoubtedly that of Metabolism, i.e. chemical 
processes taking place witliin the living matter. By these 
certain substances are produced, on the one hand, which are 
finally excreted as useless to the organism, while, on the other, 
nutritive substances are taken up and assimilated. With Hering 
we may call the former process dissimilation,” the latter “ assimi- 
lation.” Hering’s conclusions as to these two fundamental pro- 
cesses of metabolism are so important to our subject as to demand 
a full exposition, and this is best given in his own words (40). 
“Assimilation and dissimilation must be conceived as two closely 
interwoven processes, which constitute the metabolism (unknown to 
us in i ts intrinsic nature) of the living substance, and are present 
simultanebusIymlHsmallest particles, since living matter is neither 
permanent nor q^uiescent’ ljut ever more or less in constant motion. 
It is a fundamental property of living matter, engrained deeply in 
it8,„ nature, hi) assimilate and dissimilate ; and these processes 
co ntinu e, provided only th^ essential conditions of 
without assis ta nce from ex^rnal st imuli.” Ih . so far as living 
matter isjwhcfily unaffec working external 

stimuli, Hering_ designates ij^ asriiiiilMion 
( P) M “jiutcmomous.” 

“So long as the autonomous D and A are equal in ratio, 
the state of living matter cannot be altered, and it remains the 
same qualitatively and quantitatively.” This state of perfect 
equilibrium between the autonomo us D and A is ^teriOfid Jiy 
Hering “ auto nomous equilibrium.” 

“ Iliis^condition of living matter is altered whqn g^yj^ 
incites it to active dissimilat ion, which is n ot balanced by equal 
tosimUation. Under thesejegn^ti on? D is no l onger cxclugiyelv 
autonom ous, b ut is reinfoiged by outsid e factors ; it may there- 
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be denoted allonommis^ m jdistii^bn from the purely 
autonomous proems. The increased formation of I) -products, 
and corresponding loss of elements which were formerly an 
integral part of the living matter itself, and entered into its 
chemical composition, produces intrinsic alteration in the sub- 
stance in proportion with the strength and duration of the stimulus. 
Hence at the close of excitation the substance is found to be 
quantitatively and qualitatively altered.” 

If the D-process is regarded as a function of living matter, it 
must at this stage be designated as less capaUe of fumtioni'ng. 
Since the substance is altered, not merely qualitatively but quan- 
titatively also, its, state, after the action of a. D- stimulus, as 
compared with its earlier condition, may in Hering’s terms be 
denoted as “ below par ” ; obviously, therefore, as soon as the 
D-stiniulus begins to act, the depreciation of the living matter 
proceeds pari passity increasing with the duration of the excitation. 
The potential dissimilation of the substance, however, diminishes 
in the same ratio. 

This accordingly denotes that excitability diminishes in pro- 
portion with the duration of the D-stimulus, or, as it is usually 
expressed, the substance faiigues itself. This indisputable action . 
of every D-stimulus may be further remforced in its physiological 
effect by an aggregation of disintegration, or dissimilation, products, 
which, beyond a certain limit, are in many cases demonstrably 
inimical to the functions of the living matter. 

The manifestations and laws of " fatigue ” were first investi- 
gated in cold-blooded muscle (excised, or in siht) by Kronecker 
(41) and Tiegel (24) ; in warm-blooded muscle by Eossbach (24) ; 
and, recently, in man by Mosso (42). A number of conclusions 
have been reached, some at least of which must be quoted. 

Muscular fatigue is indicated experimentally by the greater 
strength of stimulation required in order to produce a constant 
yield of work, i.e, same height of lift in contraction as in the 
unfatigued state, or, conversely, by the decrease of lift, or yield 
of work, with constant stimulation. If the muscle is excited 
rhythmically — at constant intervals, with uniform mammal stimuli 
and resistance — by single induction shocks, a double alteration 
of the contraction curve is seen in height and in duration. 
Kron ecker found in frog muscle that the l ift diminis hes regularly 
from twitch to twitch, and ^hat by a constant fraction of de- 
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Fio. 43.—^, Twitches of a uon^Mirarisetl Frog’s gastrociiewhia witli normal circulation. To sliow 
acceleration of fetigue with increased frequency of stimulation. Tuning-forlt, sec. (Engel* 
mann.) B, Series of contractions of flexor muscles of finger, artillclally excited. The hjad 
(1 kgr.) was carried till the linger became exliausted. (Mosso.) 
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tops of the single twji tches (recorded at equal distances ujpon_a 
station^ smface), is inTEs^case a stroAght lirie (Fig. 43, A 
direct excitation of ^ 

Excised muscle becomes exhausted after a certain number of 
twitches. According to Tiegel, the same thing occurs in curarised 
muscle that has been freed from blood, on rhythmical excitation 
with 8^ -maximal induction currents. The firstj[20 to 30) 
twitches of a series are the onl y exc eption the rule that 
the extreme upper point of equidistant contractions in a 
straight line ; in these the curved instead of in a 

staircase {mpra), ^ tl^ case of curarised^ muscle with normal 
circulation, this Me may exteny^eQe^miniT^^ 
of wlnch^ oyer may rema^ same ma gnitude , 

y^ile the rest sink sbwly but continuously (Tiegel)? Acc ordingly , 
as might be presumed ,fatjgue_p roceed s much more slowl y in 
jn^cle with nonSaT circulation ancTnufiSSon than m excised 
bioodOEssTpiv^^ tEe period ^f “ stairca^ ” increment 

m the twitches js much shorter in the second t^^ the first 
case. It is remarkable that, according to Tiegel (Ic. pTlS^TKe 
curve of fatigue (ic. straight line) sinks much more rapidly to 
the abscissa (ie, makes a greater angle with it) with sub-maximal 
than with maximal stimuli; i,e. the muscle is more quickly 
fatigued by sub-maximal than by maximal excitation, provided 
the two kinds of stimulus alternate regularly at short intervals. 
When a muscle has yielded a series of twitches at maximal, or 
sub-maximal, excitation, and the rhythm is changed to a weaker 
stimulus, returning immediately (after twenty or more twitches) 
to the original excitation, the first contractions of the last series 
are invariably higher than the last of the first series (Tiegel). 
The muscle apparently recovers during sub-maximal excitation 
from the stronger (maximal or sub-maximal) stimuli The height 
of twitch diminishes more rapidly in proportion as the excitation 
interval is shorter (Fig. 43, A), and this law holds both for 
maximal and sub -maximal stimuli in curarised muscle. In 
muscle with normal circulation and nutrition, there is always an 
interval between each pair of stimuli, in which the height of 
twitch does not diminish even after protracted excitation, and no 
fatigue appears (e.g. the beating heart). Hence we may assume, 
from the previous observation, that during each pause in stimula- 
tion the ''down” change caused by each D-stimulus in the 
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muscle-substance is completely compensated by the A-process. 
In other cases (with greater stimulation-frequency), it is perfectly 
intelligible that a progressive fatigue and decrement of the magni- 
tude of contraction must ensue. The only point that is difficult 
to eluci^te is the initial staircase increment of the twitches, more 
especially in excised, bloodless muscle, which seems in direct 
contradiction with the previous theory. It is clear that we 
could only come to a right understanding of this phenomenon 
if the A-process, the invariable concomitant of the D-process, 
were, more taken into account than has been customary in 
physiology. There are countless instances in wliich we may 
observe that living matter after undergoing tlie down ” change 
consequent on a D-stimulus, i.e, falling helow par, returns from 
this state to the earlier at par of autonomous equilibrium, which 
recovery (due to preponderance of A over I)) proceeds with 
so much the greater energy in proportion as the magnitude of the 
“ down” change, caused by the preceding stimulus, has been greater. 

It is possible that we have in this the interpretation of the 
fact mentioned above, that muscle fatigues more slowly with 
maximal than with sub-maximal rhythmical excitation. In any 
case, the living matter alters after each cessation of a D-stimulus 
in virtue of its inherent energy, in a sense inverse to its action 
during the stimulus, i,e, in an " ascending ” direction. The re- 
covery ” of such living substance, " fatigued ” by excitation, is 
always an “ autonomous ascending alteration,” by which tlie 
depreciation of matter is compensated, and it is brought back to 
par, as previous to excitation. 

It would further appear that, under favourable conditions, 
the “ down ” change of substance produced by a D-stimulus is 
followed by such an energetic " up ” change that the mucli 
accentuated A-process becomes not merely at, but above, par — 
when it is of course succeeded by an augmented D-excitability. 
Such a rhythmical series would denote, not that the living sub- 
stance {e,g, cardiac muscle) in equilibrium, alternated regularly in 
“ up ” and “ down ” changes between D and A, when the preceding 
^^down” change would be completely compensated during the 
peiiod of the up ” change, — nor that there was a “ down change 
in the value of the substance (‘‘fatigue”), — but, on the contrary, 
that there was an ascending alteration, as expressed in increase of 
capacity for work and augmentation of height of twitch in the 
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muscle. From this point of view we are able satisfactorily to 
explain all the preceding evidence re staircase rise of contractions, 
and to see in it solely the expression of a general law, according 
to which not only the physiological capacity for work in any 
organ (particularly in muscle), but also its morphological develop- 
ment, wliich to the last degree is dependent upon nutrition, are 
conspicuously jjromoted by regular activity (effect of practice). 
The degeneration of muscles which from any cause have for a 
long time been inactive in the body, the pronounced development 
of the same when in vigorous exercise, afford sufficient proof 
of the favourable effect of muscular activity upon nutrition. 
This last is mainly subserved by tlie regulatiooi of the supply of 
arterial hlood^ as exhibited in vertebrate muscles, wliich must 
also, of course, to a greater or less degree control the fatigue 
effects. Lud wig aiid Sczelkow observed in 1861 that the 
felQQto^ssels of in contraction, so t hat the 

blood ci rculates through them japidW and Tiegef ( Ic. p. 81) 
found th(^ same vascular effect in direct excitation of c urarised 
^ muscle treated at regular intervals" with 
maximal or sub-maximal stimuli (induction currents) grows more 
and more red in the course of excitation, and may even set 
up extra vasculation. The long continuance of the “ staircase ” 

rise in height of twitch under these conditions must certainly be 
referred partly to this hyperajinia ; but we have already pointed 
out that this is not its sole cause, as is self-evident from its 
appearance in bloodless preparations. 

The effect of fatigue is, as we have stated, not merely to alter 
the height of the contraction as described, but also its time- 
relations, which with progressive fatigue become moi'e and more 
extended. This retardation of the coui’se of the twitch, which 
increases gradually during a long series of contractions, and 
expresses itself more particularly by a considerable extension of 
the phase of relaxation of the muscles, may finally attain such 
proportions that even with longer intervals of stimulation lasting 
for several seconds, the muscle has not time to relax to its 
original length before the beginning of the next contraction, and 
thus the base points of each individual curve rise higher and 
higher above the abscissa. Funke (43) has recorded cases in 
which the myogram at the later stages of fatigue resembled a 
steady tetanus curve, although the stimulation intervals lasted 
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several seconds. But the curve of contraction in fatigued muscle 
is not merely characterised by greater or less extension ; its form 
also is modified, especially in the descending portion. Generally 
speaking, this change may be defined, with Fimke, by saying 
that the descending portion of the curve gradually loses its 
character of a free fall, owing to the resistance engendered 
by fatigue and increasing with it, on which the lengthening of 
the muscle is more and more retarded, and always in earlier 
stages, by the weight raised by its own gravity. In the end, as 
Funke has aptly expressed it, the muscle resembles a viscous, 
doughy mass, responding with the utmost inertia to the traction 
which endeavours to bring it back to its original dimensions. 
The ascending portion of the curve, on the other hand, loses littl e 
of its steepness, evenT^eli “fatigu e is carried to ex^ustiom Tlie 
shorter the intervals between the single twitches, the more rapid 
will be not merely the diminution in contraction magnitude, 
but also the extension and change of form in the curve as 
described above. In individual cases, tlie stage of relaxation in 
otherwise normal, non-fatigued, striated muscle is conspicuously 
lengthened, so that, as first described by Kronecker (44) and 
subsequently investigated by Tiegel(45), the muscles may remain 
considerably shortened during long pauses (up to 10 sec.) in 
a rhythmical series of simple induction shocks. It is evident 
that tliis phenomenon, which Tiegel terms “contracture,” can 
have nothing to do with fatigue, since with increased function of 
the muscle it diminishes instead of increasing. In this condition, 
which, as Tiegel found, is only developed in direct muscular 
excitation, the excitability of the muscle to normal stimulation 
vid nerve is minimal, while the contracture may correspond 
with the height of the twitch. The muscles of spring-fiogs seem 
especially prone to contracture, which then appears even with 
unimpaired circulation, and is the more marked in proportion 
with the intensity of excitation (cf. also Mosso, lx.) 

The course and process of the manifestations of fatigue must 
obviously be in the highest degi'ee susceptible to all those data 
on which depend the assimilation, or dissimilation, of muscle- 
substance. Here, in the first place, we must consider the oHghud 
physiological condition in which the muscle begins its fatigue- 
task, the widely varying range of its “ capacity for work and 
“ excitability ” in normal connection with the organism, or after 
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separation from it. We learn from experiment that every muscle 
which is excised and therefore deprived of normal conditions 
of nutrition, will sooner or later lose its excitability and become 
moribund. The interval at which this occurs is very unequal in 
different animals, even in the muscles of the same animal it 
varies considerably with external conditions. In any case we 
must assume that the autonomous equilibrium of the muscle- 
substance is permanently disturbed from the moment of its 
separation from the organism, since, in consequence of the less 
favourable conditions of assimilation with prolonged dissimilation, 
a constantly increasing autonomous “ down ” change ensues, as 
expressed in diminished excitability. As a general rule, we find 
that the muscles of cold-blooded animals preserve their excita- 
bility longer than those of warm-blooded animals, in consequence 
of their lower intensity of metabolism ; yet this law is by no 
means universal The muscles of fishes, for instance, seem to 
lose their excitability very quickly when separated from the 
organism (46). The expression “cold-blooded” further in- 
cludes the Invertebrates, many of which {e.g. insects) possess 
muscles that perish very rapidly. It is noticeable that the 
muscles of the same animal do not all become moribund and lose 
their excitability with equal rapidity. If the sarcoplasm really 
posseses a nutritive function, as was shown above to be very 
probable, we might expect that the sarcoplasmic dark muscles 
would, as a rule, be fatigued and die less quickly than the 
a-sarcoplasmic clear muscles. According to Griitzner's obser- 
vations this actually is the case. Eanvier observed long 
ago in the triceps humeri of rabbit, which consists of . pale 
(clear) and red (dark) fibres, that it responds at first hke a pale 
muscle owing to the lesser excitability of the white fibres, but 
when fatigued with prolonged excitation it contracts like a red 
muscle, because the white portion is fatigued, while the red is 
still capable of serving. This difference also comes out very 
clearly in the fact that, according to Bierfreund (47), pale 
muscle falls into I'igoi' Ttwrtis much more quickly than red muscle. 
Under the same conditions the first becomes rigid in 1 — 3 
hours, the latter only in 11-15 hours after death. And when 
the rigor of the pale muscles has already passed off again 
completely (10-14 hours after death), the red muscles have 
not begun to lose their rigidity. 
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Finally, we have the observations of Eollett (48) on 
the very different contraction curves exhibited by Dytiscus and 
Hydrophilus. The fresh muscle of Dytiscus far exceeds that of 
Hydrophilus in regard to rapidity and energy of single twitches, 
but with prolonged activity the energy of its contractions soon 
gives way, and this is in a much more marked degree than their 
rapidity, although the latter also diminishes considerably. The 
more sluggishly contracting Hydrophilus muscle, on the other 
hand, maintains its energetic twitches at a comparatively high 
level, even after prolonged activity; in the process of fatigue, 
however, they become more and more extended, so that their 
duration may finally last twenty times longer than the contraction 
of fresh muscle. 

As was said above, the muscle -fibres of the heart are 
distinguished by abundance of sarcoplasm, which may well be 
connected with their extraordinary vitality in many cases. 
Panum observed rudimentary pulsations of the heart in rabbit 
up to 15^ hours, Vulpian in the mouse to 46, in the dog to 
96 hours, after death (!). Single fibres of the cardiac muscle 
of mammals examined in physiological salt solution will often 
exhibit unmistakable rhythmical pulsations the day after death 
(Sigm. Mayer). 

In all these cases, temperature exerts the greatest influence 
upon the total duration of existence, or the steepness of decline 
of excitability, both in isolated muscle and in the still living 
animal. This is intelligible when we remember the great 
significance of temperature for the intensity of all processes of 
metabolism, and, in particular, for that of autonomous dissimila- 
tion. We should therefore expect a pi'ioH that the death and 
corresponding decline of excitability would, as a rule, occur 
more rapidly with high than with low temperature. The effect of 
temperature is more positively marked in cold than warm- 
blooded animals. 

Du Bois-Eeymond has found gastrocnemius and triceps 
muscles of frog that were still excitalile at 0° C. ten days after 
excision, while on a hot summer day excitability will disappear 
after 24 hours, and with medium temperature at about the third 
day. The data in this respect are insufficient in regard to skeletal 
muscle in warm-blooded animals. On the other hand, there are 
interesting observations on mammals as to the extraordinary re- 
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tardation of death by previous protracted cooling (artificial cold- 
bloodedness), which can be produced either by dividing the spinal 
column high up (Bernard), or by irrigating the skin of the belly 
with cold salt solution. In rabbits cooled in this way to 20° C. 
in 6—10 hours, the direct muscular excitability persists for 6—8 
hours after death (Israel, 49). 

There can be no doubt that the immediate cause of death in 
excised muscle is the interruption of the nutritive stream, and of 
the circulating blood in particular. Even in the living animal, 
interruption of ciitjulation in a muscle, or group of muscles, 
produces paralysis in a short time, and eventually rigor. This 
experiment is only partially successful in cold-blooded animals, 
because their muscles, e,g. in Amphibia, though also dependent on 
the circulation, exhibit the effects of anaemia at a relatively 
much later period (Kiihne, 50). The muscles of frogs are 
known to remain excitable for days, when all the blood has been 
driven out by injecting the vessels with 0'6 salt solution 
(salt frogs). On the other hand, the striated muscles of warm- 
blooded animals, especially of birds, are con*espondingly more 
sensitive, losing their excitability after a comparatively short 
time, and finally becoming rigid (Schiffer, 51) when the circula- 
tion is completely interrupted. It is, however, possible to 
restore or preserve excitability, when reduced or abolished by 
aniemia, by artificial transfusion of arterial blood. The time up 
to whicli this will succeed after loss of excitability is longer in 
proportion to its normal persistence (Brown-Sequard, 46). The 
excitability of smooth muscles in warm-blooded animals is much 
less dependent upon the circulation, and they are in this respect 
more like the striated muscles of cold-blooded animals. 

Many unjustifiable assertions have been made with regard 
to the rapidity of deatli in smooth warm-blooded muscles, and 
bheir sensibility to alterations of metabolism, because the spon- 
taneous movements of ceiiiain smooth muscular organs {e.g, 
intestine) cease very soon after death, and along with them 
excitability to artificial stimuli. But it may easily be shown 
that this seemingly permanent loss of excitability is really 
only produced hy cooling, and that the sensibility to stimula- 
tion makes its appearance again wdien the tempemture is raised 
artificially (Biedermann, 52). The muscular waU of the excised 
intestine of mammals retains its vitality in a most surprising 
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manner, and has been found excitable even more than 12 hours 
after death. So, too, the ureter of the rabbit or guinea-pig will, 
even after long immersion in cold, physiological salt solution, or 
when taken from an animal some hours after death (no trace of 
excitation being left under natural condition), become once more 
fully excitable if warmed to the body temperature {l.c, 387). 
A similar tenacity of life was found by Grlinbagen and his pupils 
in the sphincter iridis of different mammals (53). Yet more 
resistant, according to Sertoli (54), are the equally smooth 
retractor penis muscles of certain mammals (horse, ass, dog), 
in which excitability continues for as much as seven days 
after extirpation. During the greater part of this time the 
muscle was in a temperature of 8° 0., and at the time of 
the experiment was only warmed to 30°— 37° C. If the tempera- 
ture remains at uniform height (39°-40®) the excitability dis- 
appears in a short time. 

The rapid fatigue of certain smooth muscles under jieifectly 
normal conditions is in striking contrast with this great capacity 
of resistance to ordinary nutritive influences. Eiigelmanri 
{Pfiilger's Arch, voL ii p. 263 f.) pointed out the effect of 
fatigue in the rabbit’s ureter after every individual contraction, 
mechanical excitability being nil immediately after each twitcli 
has completed itself. During the subsequent pause it is gradu- 
ally recovered. In a warm, fresh rabbit’s ureter, where the 
blood is still normally circulating, the initial height of excita- 
bility is recovered after a few seconds. In the rat even one 
second is not required under the same favourable conditions. 
In cooled ureter, withdrawn from circulation, excitability returns 
much more slowly and imperfectly after contraction (5, 10, or 
more secs.) 

Thus we see tha^ excised _ mus^cles^ ot^c^^^^ 
brate and poikilothermic) animals . usually. _becqmc_ fa ti^ 
die, more slowly than those ^pf w^m^^Woocl^ed animal^^ this is 
by no means an invariable rule, for, on the one hand, there aie 
muscles of cold-blooded animals which lose their excitability 
quickly even at a low temperature (fishes, insects), while, on the 
other, certain smooth muscles of the warm-blooded animals re- 
main excitable at low temperature for an extraordinary length of 
time, even when fully deprived of circulation. 

The muscular fatigue consequent upon excitation is, as already 
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indicated, as much the 
effect of a down ” 
change in living matter, 
caused by the preponder- 
ance of D over A pro- 
cesses, as is the gradual 
death of a muscle separ- 
ated from the organism, 
or deprived of circulation.* 
We should therefore ex- 
pect the changes which 
occur in the twitch (or 
contraction) in both cases 
to agree in all essential 
points. Decrease in 
magnitude of contraction 
(height of twitch), and 
elongation (extension) of 
the curve, appear in 
either case as distinct- 
ive features. This is 
very apparent in the 
pulsations of the excised 
mammalian heart (55), 
when the fall of tem- 
perature {infra) plays an 
important part (Fig. 44). 

Although the condi- 
tion of muscular fatigue 
may thus be referred 
mainly to a preponder- 
ance of the D- process 
over the simultaneously 
occurring A-process, ix. 
to a diminution of the 
store of decomposable 
matters, or of chemical 
tension, we must not 
neglect the other and 
important factor which 


Fio. 44. — Cou tractions of excised Babbit’s heart. 
(Waller and KeiJ.) 
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Eanke in particular has pointed out, ix. the accumulcdim of 
certain didniegraii(m producU 

Any considerable aggregation of the so-called D-products in 
muscle can only occur in preparations that are excised and with- 
drawn from circulation, and the rapid appearance of fatigue in 
such a muscle must at least in part be due to this factor also. 
The restorative effect of transfusion with (arterial) blood can only, 
however, consist in a minor degree in the elimination of the D- 
products (COg, lactic acid, KH^PO^, etc.), for otherwise a washing- 
out of the muscle with any indifferent fluid {c.g, physiological 
salt solution) would have the same effect as the infusion of blood, 
which never is the case. 

Unquestionably, therefore, the blood carries to the exhausted 
or dying muscle, matters wliich are essential to the restora- 
tion of its working powers. With regard to the necessary 
quality of the blood, we can speak with certainty of a few 
elements only — oxygen, e,g,, which is indispensable to the mam- 
tenance of excitability and capacity of movement in all living 
substance. 

Owing to the relatively large bulk of an excised cold-blooded 
muscle it is capable of little, or hardly any, physiological ex- 
change with the atmosphere, which is only possible on the surface, 
and accordingly the presence or absence of free oxygen in the 
neighbourhood of such a muscle exercises a negligil}le in- 
fluence upon the conservation or restoration of its excitability. 
In fact, Hermann (4, p. 132) finds that frog's muscle retains its 
excitability in perfectly indifferent gases (N, H), and still more in 
vacuo, as long as, or longer than, it does in the air. The transfusion 
of nutritive fluids containing oxygen, on the other hand, produces 
a very different effect. In this case a lively exchange of gases 
goes on between the blood, wliich circulates freely inside the 
muscle, and the muscle-substance, and here the beneficial effect 
of oxygen on excitability may be determined with certainty. 
BicM,t was aware that venous blood could not preserve muscular 
excitability as well as arterial blood, while Ludwig and Schmidt 
(57) subsequently showed that the artificial circulation in warm- 
blooded muscles of blood that had been freed from oxygen had 
no more effect than if there had been no such circulation ; the 
excitability in fact disappears more quickly in some cases when a 
muscle is injected with venous blood than when it is quite blood- 
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less — which is no doubt attributable to the directly inimical 
action of COg. Experiments to the same effect have been made 
with similar results on the excised frog’s heart. When the air is 
much attenuated (under the air-pump) the spontaneous pulsations 
cease after about an hour, and the muscle loses its excitability to 
artificial (mechanical or electrical) stimuli If the air is 
restored the pulsations begin again. Cyon, Klug, and Saltet (58) 
showed the dependence of cardiac movements upon the presence 
of oxygen in the frog’s heart. It was fiUed alternately with 
serum containing O, and serum saturated with CO 2 ; regular 
pulsations occurred only with the oxygenated serum. Want of 
oxygen therefore asphyxiates the heart as in ciliated cells of 
unicellular organisms. This is principally due to paralysis of 
the cardiac muscles from lack of oxygen, as witnessed in the 
gradual disappearance of the spontaneous contractions of the 
heart, together with a corresponding decrease in excitability to 
artificial stimuli. 

It is highly probable that other nutritive matters carried by 
the blood play a similar part to oxygen, while equally the 
elimination of other D-products besides CO 2 is essential to the 
preservation of excitability ; little, however, has yet been done in 
the way of experiment. Martins ascertained for cardiac muscle 
that serum-albumen had a marked effect in restoring depressed 
action. When 0*6 % N'aCl solution is circulated through a heart 
that is beating spontaneously, or from artificial excitation, the 
pulsations, at first vigorous, disappear almost entirely ; then, after 
the heart has been brought to a stand-still, and shows no. trace 
of movement even with the strongest excitation, not merely 
excitability, but even automatic activity, will return if blood and 
serum, or even alkaline salt solution containing serum-albumen, 
are run through the heart. Peptone and aU other albuminous 
bodies (syntonin, or albumen, casein, myosin) fail to produce 
this effect. The exhausted muscle treated with these remains 
absolutely unresponsive with even the strongest excitation, 
whereas in every case, after circulation of blood or serum, it 
recovered its beats, or spontaneous pulsations. These experi- 
ments have not yet been tried on striated skeletal muscle. 
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V. — Effect of Temperature on Muscular Contraction 

The vital manifestations of all protoplasmic tissues are much 
affected by the temperature of the moment. There is a lower 
limit of temperatiHe for every organism, at which life is per- 
manently, or at least temporarily, extinguislied, as well as an 
upper limit at which, pruicipally on account of the coagulation 
of certain albumens, such a fundamental disintegration of the 
structure occurs that restomtion of the normal functions seems 
to be impossible. The absolute value of temperature varies 
enormously in different kinds of protoplasm, and even apart from 
the “ immune ” bacteria, many cases are loiown in which the 
movements of protoplasmic structures have been observed at 
a temperfiture far above 40° C. Within the maximum and 
minimum range of ‘'obvious contractility,” we may assume as 
a general mle that energy of the movement inereiises with 
increase of temperature. This holds for animboid as well as 
for flagellated and ciliated movements, and the various kinds 
of muscle form no exception. But while in the simpler forms 
of mobile protoplasm it is only possible to determine the up])er 
fmd lower limits, as well as the “ optimum ” of temperature at 
which spontaneous movements of apparently unlimited iluration 
reach their utmost rapidity, in muscle we are Jible to go a step 
far ther in the analysis of phenomena. 

We have already alluded repeatedly to the great influence 
exerted upon the manifestations of fatigue and death, by tempera- 
ture; an effect denoted by increase of D-products with higluir, 
and a corresi-ionding d(jcrease of these at lower, tenijierature. 
Along with these are certain changes in tJie tinuj-reLations, and 
form and magnitude (height) of contraction, which Gad and 
Heymans in ptirticular have recently been investigfiting, and wliieli 
may be viewed as a specific effect of temperatur(i (60). j^f a 
striated, skeletal, curarised frog’s muscle is properly cooled, and 
excited from time to time by an induction shock, it is found in 
ttie fi rsF place that the (isotonic) curves of contraction are more 
extended in proportion as the temperature is low(ir. ( Vjmparison 
thf L accom^ir^g curves (Ei^. .4fi). of 

risin g energy in particular is much elongated, and thci steepness 
of th e ascending portion decrea^s^ regularly in ratio with tjie 
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approximate constanc y of steepness in the descending portion . 
Yet this constancy relSSis onljnEo^^ portion of the 

curve. Tlie final return to equilibrium occurs more and more 
slowly with decrease of tenip^rature (and contraction residue). 

There is a ma.rked difference in the jffect , of co ld, and of 
fatigue, with regard to the time-relations of muscular co ntraction : 


on cooling, the d^ceh^jng portion of the curve is as s teep as, or 
s^epe r than, tlm^a^nding^ortjon 5 Jbut m fatigue, whi ch equally 
prolongs the pontra^ it is found by all au thors to bje 

less steep, 


A second conspicuous effect, overlooked in earlier researches, 
is the rise in height of the contractions, visible within a certain 
range, on cooling. The lift shows an alsolute minimum near t he 
fi^zing-point (of niuscle-substance), where no^ furtke?’ 



Fio. 45.— Sclioiimtic reprosentatioii of isotonic curves of contmction at different tenii^enitures. 
(-5 to +42^* C.) (J. Gad.) 


in height can be observed on stimulation, and a relai vve mini - 
mum at about 1 9"" C., from wliich point it rises to the a hsohite 
at alKJut 30° C., and the relative rnuximum 
The minimum duration of contraction coincides with the absolute 
maximum of lift, and increases constantly from this point, with 
falling temperature, until the contraction disappears. The latent 
period behaves like the period of contraction, increasing con- 
stantly with falling temperature. We have said that an absolute 
maximum of twitch was reached at about 30° C. ; if the @Qpera- 
ture rises beyond this, excitabilityjand Jieight of hft_decrease 
more _and_ mor^^ whi l e th e dumtion of con triti on rem ains 
approximately equal (Fig . 4:5 ^A). 

At a moderate rate of heating it is possible to show that the 
excitability of muscle to electrical stimuli disappears almost 
entirely l>efpre the appearance of contraction from heat rigor. 
With the ’’sometric method temperature of course produces the 
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same effect on single twitches, as in isotonic experiments. The 
only difference is in the form of tlie apex of the contraction 
curve. All isotonic curves are dome -shaped at the summit, 

diminution of the ord inates begins directly the maximum 
has been reached. In isonietnc cufv^ ' on^he^ 

^atean^ lfoSeTT^ interval between temperature of the 
room an d freezing-point^ at the summit of contraction, i'.c, tlie 
maximum of tension rem^iw constant ^fpr^ a^lon^ shorter 
time after it has reached its climax. 

These striking effects of temperature upon the height and 
course of contraction in striated skeletal muscle seem to indicate 
that two different processes come into play during muscular 
activity, which are opposed to one another, and are differently 
' affected by fall of temperature. Fick pointed out that a specific 
(chemical) process lies at the root of muscular relaxation, 
essentially differing from and opposite to that underlying con- 
traction. The ordinates of the contraction curve are therefore 
not proportional to the intensity of one process, but express the 
results of two antagonistic processes. Fick suggests tliat the 
first of these may consist in the formation of a specific substanaj 
(decomposition of sugar into lactic acid), the second in the 
further disintegration of the resulting product (breaking up of 
lactic acid into HgO and CO^). The acid produces a j)artial 
coagulation of the contents of the sarcolemma, which is 
reduced again by removal of tlie chemical causes. Gad and 
several of his pupils, as also Schenk, have recently worked out 
this idea and applied it to the explanation of the plienoniena 
under consideration (33). Here we need only say that tlie 
same conclusions follow naturally from Hermg’s general princijde, 
and that it would be possible to explain all the jihenomena 
observed on the supjiosition that change of ternperatnie exerts a 
more depressive influence upon one of the fimdamental prociisses 
of metabolism than upon the other. 

On the hypothesis that the active "process of relaxation’' 
in Fick’s sense goes hand in hand with the prriccss of assimilation, 
some value may attach to the observations of Fr. Schenk (61), 
i.e, that relaxation occurs more slowly in proportion with the 
scarcity of reserve substances in the muscle. On comjiariiig an 
actively fatigued muscle with one whose excitability ha,s I)e(3n 
depressed by irrigating it with a solution of lactic acid, without 
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diminution of its store of reserve matters, it will be found that 
the latter relaxes more rapidly than the former. The one heluives 
to the other as a cooled m/iisde to a fatigued muscle. 

There are no satisfactory observations as to the effect of 
temperature on magnitude and process of contraction in striated 
warm-blooded muscle, but it has long been ascertained for cardiac 
muscle both in cold and in warm-blooded animals, that the time- 
relations of the natural and spontaneous, as also of artificial, 
contractions, are considerably retarded by cooling, while the con- 
trary occurs with rise of temperature. The mechanical latent 
period undergoes similar changes, most conspicuously in the excised 
heart of warm-blooded animals (A. 1). Waller, 55). While at 
3iormal tempei'ature (38'’- 40*") the contraction apparently begins 
at the moment of excitation, a latent period being only perceptible 
on applying more delicate methods of time - me^isurement, on 
vigorous cooling (12°— 0°) it may last for more than a second. 
It is not known whetlier with uniform stimulation the same 
relations between temperature and contraction-magnitude obtain 
in cardiac muscle, as have been demonstrated by Gad and 
Heymans for striated skeletal muscle. If the normal period of 
contmctioii in a muscle is very short, the effect of falling tempera- 
ture will be well marked, and on the other hand the shortening of 
the contraction process by warming is conspicuous when the 
muscle has previously been yielding a sluggish twitch. This 
is most marked in smooth muscle, where the process of contraction 
is accelerated in a remarkable degree by heating. 

The behaviour of smooth muscle - elements with varying 
temperature exhibits many interesting peculiarities, mainly 
because in many, perhaps all cases, they fall into a state of more 
or less marked and permanent contraction tonus ”) independently 
of the nervous system, the strength of which is conditioned in a 
marked degree by the temperature of the moment. This is 
emphatically the case in the smooth muscles of many invertebrates, 
as well as in poikilothermic vertebrates. The adductor muscles 
of the fresh-water molluscs (Anodonta, Unio), e.g., usually exhibit 
a well -developed tonus, which is certainly independent of the 
central nervous system. By partially breaking up the shell in 
large specimens of Anodonta, it is easy after removing the other 
soft parts to obtain a preparation which is well adapted to all 
kinds of excitation experiments (Fick, 32 ; Biedermann, 62). At 
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first the muscle is always so firmly contracted, that it not only 
resists the strong traction of the uninjured elastic ligament, but 
will even support a weight of more than 20 gi^s. without visible 
extension. Even wlien tlie shells gape sufficiently, after a long 
interval, to make effective excitation practicable, the efforts of the 
weighted muscle to shorten are still considerable, as shown by the 
fact that each decrease of its load is followed by a coiTesponding 
shortening. Even after many hours the presence of a certain 
“ tonus ” may generally be demonstrated. As soon as the 
insertion of the still living muscle is freed on one side, it con- 
tracts quickly to less than half its length witli completely closed 
shell. In tune, of course, this tonus diminishes slowly. If 
a preparation is left for several houi'S at medium temperature, 
the gradual relaxation can be easily determined. While at 
the beginning it takes considerable force to separate the two 
halves of the shell, this becomes gradually easier, and after 
several hours a weight of hardly 10 grs. will sometimes pro- 
duce almost maximal extension of the muscle. When, therefore, 
the elastic ligament has not been injured in i)reparation, th(^ 
shells, which were tightly closed at first, gape wider and wide]-, 
because the ratio between the tension in tiui openijig ligament 
and the tonic effort of the muscle to contract, alters constantly 
in favour of the former. 

The decrease of tonus, however, begins almost instantaiieously 
if the prepaiution is submitted to a higher temperature (immersion 
in H.,0 at about 30"* C.), which soon effects a considerable relaxa- 
tion. On subsequent cooling the tonus is only ])artially restored, 
though in other smooth muscles it comes back comph^tely (63). 
Bernstein recently investigated the effeiit of different tmnperatures 
upon the muscles of the frog's stomach, arriving like Griinhageii 
and Samkowy (64) at precisely the same results obtained by 
Biedermann from smooth molluscan muscle. Beriistcdn, after 
removing the mucosa, took a circular piece r»f the inuscular layc]’, 
and stretched it between two hoops in a glass vessel, the shorten- 
ing, or extension, being conveyed to a writing-lever by means of 
a thread running over a jmlley. The medium of heating was 
either physiological salt solution, previously brought to the 
required temperature, and then poured into the vessel, or air 
saturated with steam. When treated in this way the ring of 
muscle corresponds exactly with the adductor muscle of molluscs 
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as described above. If any considerable tonus has been induced 
by the mechanical stimulation consequent on removal of the 
mucosa, it only yields very gradually at normal tempei-ature. 
On the other hand, the lever drops with increasing rapidity if the 
temperature is raised about 25°~40° C. If the muscle is 
tetanised during this period, the contractions obtained are much 
more vigorous, which is due less to increase of excitability than to 
diminution of tonus. Extension ceases between 45° and 5.0° C., 
simultaneously with excitability, and contraction first reappears 
at about 57° C., being then produced in great measure by rigor. 
Here we liave the same fact as that demonstrated by Gad and 
Heymans in striated muscle, i,e. that excitability to electrical 
stimuli disappears almost entirely before contraction occurs from 
heat rigor. Previous to this, every cooling of the preparation 
had produced a contraction, i.e. a reinforcement or restoration of 
tonus. Griinhagen and Samkowy confirmed the same reaction in 
the bladder muscles of the frog, while, on the other hand, many 
smooth muscles or warm-blooded animals (sphincter iridis, muscles 
of oesophagus) exhibit the contrary under similar conditions, con- 
tracting with warmth, and relaxing when cooled again. It must, 
however, be remembered that the effects of warming or cooling 
are essentially conditioned by the temporary state of the excitable 
substance, i,e. in the case above, by the degree of tonus. This 
.again depends undoubtedly upon the conservation of normal vital 
conditions, in particular of noimal temperature. It is therefore 
quite conceivable that the smooth muscles of warm - blooded 
animals may sometimes be atonic, when the corresponding 
elements of cold - blooded animals exhibited a marked tonus. 
This may account partially at any rate for the contradiction, in 
the above authors, as to the behaviour of smooth muscle in warm 
or cold-blooded animals. It is certain that in living animals, the 
smooth muscle of the blood-vessels relaxes locally when sufficiently 
warmed (application of a heated body to small exposed artery), 
and responds under these conditions like the elements of cold- 
blooded animals. Horvath (65) observed that the trachea 3 of 
mammals widened on heating (relaxation of muscles), but became 
narrow on cooUng (contraction of smooth elements). 

Striated cardiac muscle also falls, under some conditions, into 
a state of permanent (tonic) contraction, and then presents a very 
favourable subject for the study of action of temperature upon 



n CHANGE OF FORM IN MUSCLE DURING ACTIVITY 103 


tonus.” External stimuli are for the most part the immediate 
cause of the latter, although a certain degree of tonus seems to 
he present under normal conditions without additional stimuli. 
We have frequently observed a persistent uniform sbite of coii- 
tractlon ^in^ W of the snail's heart {Helix ^mmatia), 

a fter a grj^ter^ or lesser series of regular contractions conse- 
quent on sudden increase of pressure (Bieclermaim, 36). This 
concGtion is invariably developed in the same way in a lieart 
^a(Sed to a canula and filled with tmail’s hlqqd or ' 0^5 ^ ^ 
salt s olution. The ventricle at first extends itself ad maid- 
mum under the total pressure of tlic coliimn of fluid in the 
canula, and empties again completely at each systolic contrac- 
tibh, ljut i£ is that the relaxation at diastole is 

incomplete. There is, so to speak, a contraction residiie wh^^^ 
grows with each successive contraction, until finally the 1^^^^^^ 
ceases to relax, and remains in permanent (tonic) systolic con- 
traction. The tonus may be resolved under certain conditions if 
the preparation is exposed to a higher temperature, while it 
reappears on cooling. This ‘'cold tonus” apparently reduces 
much more rapidly on heating than the “ pressurii tonus.” A 
single, momentary immersion in warm salt solution usually suffices 
to bring the contracted ventricle, with a sc<irccly perceptible 
“ latent period,” into the condition of complete diastolic relaxation. 

A question which naturally belongs here, relates to the upper 
and lower limits of temperature at which a muscle is, generally 
speaking, capable of functioning, or at any rate, can recover its 
capacity to function. 

There is nothing surprising in the fact that muscle, like 
protoplasm in general, may be cooled to bel(»w 0" C., without 
permanent loss of excitfibility, for tlie freezing-point of the inter- 
stitial tissue-fluids, as well as that of contractile substance, must 
necessarily lie below zero. Ihit it is difficult to say in detail 
what kind of changes the muscle-substance undei’goes when its 
capacity of reaction is almost abolished by (Mxding. At all events 
the intensity of metabolism is reduced to a minimum. According 
to Gad and Heymans, restoration is iuipossible wlien reaction 
ceases entirely, upon which the excitable substoice must have 
been injured intrinsically. This may occ.ur either irom its actual 
freezing, or from mechanical injury due to the freezing of tlie 
interstitial tissue-fluids. Kiihne und Hermann, and more recently 
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Prcyer, affirmed that hard-frozen muscles were still able to con- 
tract on thawing, and Waller finds the same for cardiac muscle. 
But in all these experiments it is questionable whether the 
contractile substance itself, or only the interstitial fluid, freezes. 


VI. — Effect of Chemical Substances upon Muscular 
Contraction 

The nonual manifestations of muscular activity always betray 
more or less fundamental disturbance, when the chemical relations 
of the contractile elenients undergo any material alteration. 
This aiipears already from the experiments we have been dis- 
cussing, and in this connection the study of fatigue phenomena, 
which undoubtedly depend in part on the accumulation of certain 
disintegration products, is very instructive. Without entering 
into the action of all the many bodies whose effect on muscular 
excitability has so far been tested, we may quote some very 
cogent facts that are of importance to the sequel. In the first 
place, we must mention the curious and striking antagonism 
in the physiological action of the salts of sodium and potassium, 
which are in such close chemical affinity. Weak solutions of NaCl 
(0*5 ~ 0*6 Y^) have long been employed where a fluid is re- 
quired to preserve the striated and smooth muscles, as well as the 
nerves, of vertebrates for as long as possible in approximately normal 
conditions. We are so accustomed on the strength of repeated 
experiences to regard physiological salt solution” — the con- 
centration of which must, of com'se, be adjusted to the content of 
salt in the tissue, and must therefore be correspondingly greater 
for sea-animals — as a perfectly neutral fluid, that it may well 
surprise us to learn from E. S. Locke’s recent observations (6 6) 
that this is only tniTto^a K even in striat ed frog 's 

muscle. In experinienting with nonnal preparations of sartorius, 
and with preparations that had been ly in a long time in 
he differences^TiT ex- 

citabili ty and curve of contra ction. Single induction‘~curr ents o f 
great strength ((‘‘ breaV^9h^^^ in particular) sent thro ugh th e 
entire muscle produced in salt muscles tetanic contractionsof 
enonnqu^ height and a duration of several seconds, after w hich th e 
muscle relaxed suddenly, and showed only a sh'ght contraction 
residue .” S. Binger (67) had previou sly observed an in clmation t o 
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contracture in sal ted muscle, an^found at the same time that it was 
enfcel^al^she^bj ad(^g one^H Ca^TJo^Wo^ 

N'aCl solution. Locke also observed that the h igh tetanic ^ con- 
tractions d escribed above disappeared aft^ a shoj^_tinm^. if ^tl\e 
musc le giving this reaction w^is thrown into NaCl solution, ^kis a 
IjO ^^saturated soh^^^^ Here it would seem that 

a 0*6 NaCl solution containing a calcium salt in the right 
proportion is more “ physiological ” than a pure unmixed solution. 

NaCl solutions whose percentage is over or under 0*5 pro- 
duce much more marked changes in the reactions of striated 
(frog's) muscle. In the first case, as Carslaw (68) found on 
circulating the fluid through the vessels of the posterior end of 
a frog, spontaneous excitation phenomena (tetanic contractions) 
appear very quickly, and last for several minutes, with inter- 
vening pauses. Solutions above 0*7 to 1 % NaCl produce, 
moreover, a shortening of the muscle, which resembles centre cture, 
gradually increasing and diminishing again subsequently, while 
at 2 ^ the fibrillar twitches cease, and only a slowly increasing 
crenation, with corresponding loss of excitability, ai^pears in the 
muscle. Previous to this point, single as well as tetanic shocks 
are accompanied by contracture. We niay therejqre_ s^ 
within certain l im ^ of concentr ation tha 

voluntary muscle is consid erably hei ghtoiedi Qf . Jiyoctly stimulatj^ 
(chemieSlyXbj HaCl splutioiis, while at the. saRiJcJhuQ^a 
inclination to contracture is present. 

Tliis increase of excitability, and excitatory action of pure 
NaCl solution, are greatly increased by the addition of certain other 
salts of sodium, in particular of Na^jCO^. An uninjured frog's 
sartorius may be slightly excited when it is dipped into pure 
0*6 ^ NaCl solution, as indicated by fibrillar twitches, but these 
are never of long duration. If, h owever, gpji^Li 
(Na^PO^) and a small quantity of Na^CO^ 

^lution (5 grs. NaOl, 2 grs. Na^HPO^, and 0*4— 0*5 grs. Na^CO^ 
to a litre of dLstilled water) it wilL almost inyariably be found 
^at tE^ ii^R?^^'S .4^^^ of 

rest, sets up rhythmical activi ty, provided the 
lorhi^73°-iO° C.y ^ cases this is first exhibited 

in a quiclc succession of weak, insignificant, and locaJAml con- 
tractions, discharged at the same height from a greater or less 
number of primitive fibres. At times these movements are so 
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weak that they only appear in a very slight, but unmistakably 
rhythmical, tremor of the immersed muscle. Grenerally, however, 
these insignificant manifestations are followed at tlie same, or 
other, points of the fibre by stronger contractions, with a slower 
rhythm, which under some conditions cause the muscle to curve 
round in a semicircle towards the surface or border, or to roll up 
screw -fashion at regular intervals. For the rest there seems 
to be an inexhaustible variety in regard to the forms of move- 
ment, which may be observed in these reactions running parallel 
to, and interrupting, or not interfering with, each other, but all 
having in common that at the same point of the muscle, at a 
given time, there will be uniform rhythm of movement and inci- 
dence of stimulus. 

It is by no means unusual, especially in the later stages of tlie 
action of alkaline sjilt solutions, to find that for a long time only 
one point of the immersed muscle continues in rhythmical activity, 
so that the preparation moves in the same constant rhythm as a 
beating lieart, and this not infrequently gives rise to a phenomenon 
so strikingly like the periodic function ” of the frog's heart, 
described by Luciani (70), that the analogy of the two mani- 
festations is at once apparent. These periods often occur suddenly 
and quite spontaneously after the preparation has pulsated for a 
long time in regular rhythm, the regular sequence of beats being 
interrupted by a longer or shorter interval. In other cases the 
appearance of the phenomenon is indicated by the fact that after 
a long series of pulsations of uniform rhythm, the pauses between 
every pair of beats become gradually longer, without in any way 
altering the quality of the single contractions. Finally there 
comes a long pause, and then a new series of pulsations, interrupted 
again by a period of rest, and so on. 

At a low temperature the play of rhythmic activity may often 
be manifested for days. The phenomenon assumes a special 
interest when it is considered in connection with a series of recent 
observations by different experimenters upon the ventricle of the 
frog's heart, detached from the auricle. 

Merunowicz, Eossbach, Stifenon, Gaule, Gaskell, Lowit, and 
others have ascertained that the non-ganglionated cardiac apex " 
of the frog may set up regular rhythmical activity when certain 
chemical substances which supply the nutrition of the preparation 
are added to a 0’6 HaCl solution that is intrinsically ineffective. 
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This brings forward the question, which anatomical constituents 
of the cardiac apex are the first to be excited. Here, again, the 
muscles seem to be of primary importance, the more so since 
we have shown that curarised skeletal muscle is excited under 
almost similar conditions into analogous rhythmical activity. It 
seems to be an almost universal property of muscular substance to 
fall under certain conditions, with all prolonged stimuli, into a 
state of visible rhythmical excitation. Such a theoiy is not only 
supported by the foregoing facts, but by further observations on 
the rhythmical excitation of the sartorius and ciirdiac muscles 
with the constant current. 

Apart from the spontaneous ” rhytlimiail phenomena of 
excitation/ called out in striated muscle by dilute solutions of 
Na^COg, tile specific action of this mlt is also exliibited in a 
striking increase of response to artificial stimuli Tins is very 
evident whenever a muscle that is not too thick, r,(/, frog’s 
sartorius, is treated wholly or partly with correspondingly dilute 
solutions. We shall presently refer to a very striking lact in 
this connection, which bears on the alteration in tlie effect of the 
constant current on a sartorius, half of whicli is treated with 
N^ayCOj,. But even with localised mechanical stiinulation, its well 
as with single induction shocks, or induced al tern ati tig currents, 
the increase of excitability asserts itself in a conspicuous increase 
in height of contraction, or tetanus curve, as well as by an aug- 
mented tendency to contracture. 

The stronger solutions of Na 2 S 04 , as also very dilute solutions 
of NaOH (in 0*5 % NaCl solution), act like Na^COs, only in a 
less degree, so that seeing the identical action of tluise substances 
upon cardiac muscle, we are justified in speaking ot a specific 
eflect of the sodium salts in question, i.e. the contiactile sulistancc 
of striated muscle is so altered by the presence ot even small 
quantities of these reagents, that it is excited more eusily, and 
with smaller stimuli, than under normal conditions. Ilie inuch- 
talked-of and fniquently- tested action of x(^ratrin — an alkaloid 
whose conspicuous effect upon striated muscle w^ first discovered 
by KoUiker, and subsequently investigated by Bezold (71), j 
B ohm^ V 2), and others — ^is to some ex tent comparable. While in 
the application of certain sodium salts^ and of Na 2 C 03 in parti- 
cular^ it is the increase of excitability towards all stimuli that 
comes prominently forward, in veratriii- poisoning the extra- 
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ordinary prolongation of the contraction period (contracture) 
exclusively arrests attention. If a frog is poisoned with sub- 
cutaneous injections of 1—2 drops of, say, a 0*2 % solution of 
veratrin, after a short time a marked disturbance of the normal 
movements usually makes its appearance characterised above all 
by rapid and vigorous contractions, while the relaxation and 
elongation of the muscle, on the contrary, are very sluggish. 
This is still more plainly seen in experiments with isolated nerve- 
muscle preparations, especially when the changes of form are 
graphically recorded. While the ascending limb and summit 
of the curve betray , no great alteration, the stage of falling 
energy is much protracted, and relaxation may be prolonged over 
many seconds. Since v. ]^ezold determined these remarkable 
effects of veratrin, it has l)een admitted that they are entirely 
due to an altered state of the muscle -substance proper, and 
depend, as Tick affirms, in all probability upon an augmenta- 
tion of the excitatory proc(5Ss beyond normal Limits.” In order 
to produce maximal extension of contraction, it is advisable 
to give larger doses of the poison ; we have found it convenient 
to introduce 6-7 drops of a 1 % solution of veratrin acet. 
into the posterior lymph sac, killing the frog (Ji. Umpoi\) after 
ten minutes at the latest. Seven minutes usually suffice to 
develop the symptoms characteristic of the poison. In the first 
place may be mentioned the more or less pronoun (jed convulsions 
of the posterior extremities, which occur at short intervals, and 
are preceded by a general disturbance and spasmodic gaping. 
One unmistakable symptom is that the muscles of the belly go 
into protracted tetanus when mechanically excited, e.g, on pinching 
with forceps, as also occurs in a preparation of the sartorius 
when the nerve is divided. The rapid twitch at the moment of 
division is often succeeded, after a short pause, by a further, slowly 
increasing contraction, wliich remains constant for some time, 
and only gradually yields to relaxation. 

K the changes of form in such a veratrinised sartorius are 
recorded, by fixing it between the stumps of bone left on either 
side to Hering’s double myograph (which will be described below), 
one of the two movable non-polarisable electrodes having pre- 
viously been fixed permanently, the same curves ai'e usually 
obtained, whether the excitation is produced by an induction 
shock sent into any part of the muscle, or by minimal closure of a 
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battery curreut. In either case the waves of contraction are, as 
it were, fixed in their passage through the muscle, and a more or 
less prolonged, nearly uniform tetanus ensues, or, as it is better 
expressed in the absence of almost any evidence of discontinuity 
in the contraction, there is a “ tonic shortening in all tlie parts 
of the entire muscle. 

As already shown by Bczold and Kick, different forms of 
contraction ^ay Be distiriguished in the veratrin muscle, one 
dr tlie commonest being that in which the peculiar tonic, per- 
sistent c ontraction is preceded ¥y a in ore or less pi*onoiinc^d 
ffiiASJSd introductory 
twitch. As shown 
above, there is a rapid 
maximum contraction at 
the moment of excita- 
tion, followed immedi- 
ately by a considerable 
extension, succeeded in 
its turn by a second 
slow contraction which 
only gradiiaUy yields 
td’ ryaxation (Fig. 46). 

Indications of this 
characteristic con trac- /ujuJiJJuu\AjUULJ^^ lla.a 
tion are rarely absent, Pio. — Make-t^vltch or voratriniHml Krone’s Kiid^irius (I 

if fLp nrpinr The clmmct«TiNtic tt)nic is pniceded 

especially ii tne prepar ^ (niedennam..) 

ation is immersed for a 

long period in dilute salt solution. As Fick sliowed, the initial 
twitch cannot be explained by indirect excitation of the muscle from 
the intra-muscular nerves — the subsecpient persistent contraction 
only being due to direct excitation of the muscle — for tlie same 
curves are exhibited after previous curarisation. ^The phenomenon 
may presumably be related to the fact iirst obseiwed by Grutziieij 
of the constitution of muscle out of two morphologically and lunc- 
tionally difierent kinds of fibres, corresponding to the red and 
pale (sluggish and quick) muscles/ This view receives support 
from the fact that the same double-toppc^d curves of contraction 
are not infrecpient under other conditions, ej/. local treutmeut 
with NaoCOg, or even in perfectly normal frog’s muscle. In 
sartorius itself Grutzner finds it to be the rule. If the veratrin 
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muscle is repeatedly excited during the stage of relaxation by a 
short closure of the constant current, its response to the make 
excitation will generally be less in proportion to the height of 
its contraction during the previous stimulation. It not infre- 
quently happens that the muscle, even when fully relaxed, will 
hardly give any perceptible response to the s^ime stimulus that 
recently elicited a marked contraction. But in the majority of 
. cases the increment of excitation effects proceeds fari pasm with 
the progressive relaxation of the muscle, so that the twitches 
served up during the latter period at equal intervals, and of very 
brief duration, all rise to a imiform height above a line of abscissa 
— corresponding with the descending portion of the curve traced 
by the muscle after a single excitation. Fick made similar 
observations with indirect excitation {vid nerve) of a veratrinised 
frog’s muscle (72, p. 146). 

As we have said, the character of the,,, twitches.^ alters in a 
marked way with rapidly repeated excitation, relaxation soo n 
occurring as quickly as under normal conditions. If the muscle 
is left for some time unexcited, the first renewed cont raction 
a^iu exhibits all the characteristic veratriu effects. Temp er ature 
is an important factor, since the typical contraction-cur ve of the 
v^ratrin^ muscle is most pronounced at me^^^^^ temp erature , and 
less characteristic alike in great heat and in cold. In both these 
cases (Lauder-Brunton and Cash, 73) the phenomena of veratriu 
contrac ture disappear, to return again when the cooled or heated 
muscle is restored to a medium temperature. But the recovery 
isTidt* iivvariable, so that it would appear as though the veratriu 
effect can be permanently abolished by change of temperature. 

act . like veratriu upon the substance of striated 
muscle, while the_.j;£te^^^ in general act as_a muscle 

poison, depressing excitability more or less qiiickly, aml^ toallj 
abolishing it. This is to a marked degree the case, even 
with highly dilute solutions, so that, as indicated by Kanke, 
the salts of potassium presumably play an important par t amo ng 
the “ fatigue products ” of muscle. It is c ertain that both with 
locali sed applications of K salts, and on chculating them in 
solution through the muscle, every charg^ieristic ^ manifestation 
of muscular fatigue is produced, whkk can be^enfeely 

jca^eBed washing^jmt th^ 

NaCl solution. 
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VII. — Summation of Stimuli and Tetanus 

We have so far been coiLsidering single twitches only, as 
yielded when a muscle is excited by stimuli of short duration. 
It remains to be seen how a muscle reacts wlieii two or several 
stimuli succeed each other at diminisliing hitervals. If the 
jiauses are long enough to allow the muscle to relax completely 
before the commencement of each new contraction, a scrun of 
twitches is produced, in which each is completely separatxjd from 
the others, and only affected indirectly (as in tlie staircase, or 
fatigue) in regard to magnitude and process of contiuction. Hut 
if the intervals are lessened, and the sthnuli (shigle induction 
shocks) succeed each other more rapidly, a limit will soon be 
reached at which the new stimulus begins to take effect before 
the first, or subsequent, twitches are completed, so tliat the 
muscle is hindered from ever returning to perfect relaxation. 
There will thus be a certain contraction remainder, which is in 

I 
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ratio with the stimulation frequency, and at which the muscle in 
a measure oscillates. The more rapid the sequence of stimuli, the 
more tense will be the contraction of the muscle, and the smaller 
the individual rhythmical oscillations, which finally betray 
themselves only by a slight irregularity of the “ tetanus curve ” 
in a tracing, or to the eye by a slight tremor of the shiny 
surface. 

Finally this ‘'incomplete” fuses into “complete” tetanus, 
in which visible changes of form can no longer be detected. 
The muscle reaches its maximum of contraction soon after the 
commencement of the tetanising excitation, and the summit 
usually lies in thife caee much higher than in the (maximal) 
single contractions ; during the persistence of the intermittent 
excitation it remains uniformly contracted, and returns rapidly 
to rest (as a rule) when this is over. In spite of its apparent 
steadiness, tetanus — as follows directly from its origin — must be 
regarded as a discontinuous process, arising out of a summation 
of single twitches, which are only prevented by the sluggishness 
of the muscle from expressing themselves in visible mass-move- 
ments, while — as we shall see — the internal, molecular changes 
do clearly and unmistakably reveal their intermittent character. 

The manifold varieties of tetanus forms of contraction are only 
to be understood when the laws of summation of stimuli under the 
simplest conditions are familiar to us. Here again we are 
indebted to Helmholtz (1) for the first fundamental investiga- 
tion. He led two maximal induction shocks into the nerve of 
a muscle in rapid succession, by opening two piimary circuits 
behind the same secondary coil, one after the other. If i ^e 
second excitation fell in the latent period of t he first, it pro - 
duced no efFect, and the curve of con traction s howed no differ - 
ence from that traced by the first alone. But if i t feU. later, 
the relations of the correspon ding curve would be the same a s 
if the second ^thnii^s_Jbad_ ensued _d^ resti ng stage o f 

the mu BcleT" “ From the point at which the second excitation 
becomes effecti ve, the twitch behaves as if the contr acted s,tate 
^ the^m^cie at the inoment was its natural stat e,_and t^ 
second t witoh alon e induced in it” (Fig. 47). 

Let (a, by e) be the contraction curve of the first excitation, 
and (d, e, f) of the second, in their separate working, then the 
actual curve according to Helmholtz’s law would correspond to 
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the line (a, (j, h, i, k). We can readily see that the height of 
the summated twitches must be greatest, i.e, doubled, wlien the 
interval of both stimuli, like the stage of rising energy, is a 
simple contraction. This rule naturally loses its signiticance when 
several uniform stimuli follow successively at equal intervals, 
since a maximum of contraction is soon reached and cannot be 
exceeded. On the other hand, it is possible that each individual 
stimulus in incomplete tetanus may produce an equivalent 
period of rising energy. V. Kries, however, showed that this 
does not ocQur, even with summation of only two twitclies. 
As is obvious from the above scheme, the apex of the summated 
curve must coincide with that of the second single "twitctli, or lie 
vertical to it, if Helmholtz’s law is of general application. 
According to v. Kries (2), however, this is not the case. Jbi 
1886 h e pointed^ ouj^Jlm^^ m summated contractions the maxi- 



Kio. 47 Scliema of 8 npuri) 0 Jiition of two twitches. (Heliiilioltz.) 


mum of shoHeniug was reached much sooner after tiie secqiKl 
excitation than in a single tw^h,^6^,Jii ^her word.^the j.)m 
of ^dsin g energ y is shorter in the second twitch than in the 
first. If, witli V. Kries, we denote the interval at wEi3i the 
apex of the summated twitches succeeds tlie second stimulus, the 
“ apex-time,” and the magnitude of the ordinates of the sum- 
mated twitch the “apex-height,” we find that (iis above) in a 
series of “ rising ” or “ falling ” summated contractions (^.e. in the 
period of ascending or diminishing energ}"), discharged by two 
maximal induction currents, the “ apex-time ” decreases with a 
lising “ apex-height ” (Fig. 48). This is expressed in the accom- 
panying series of curves, in which the jdace of the fiecond 
stimulus remains unaltered, while that of the fii*st can be moved 
to any distoice; the apex of the summated twitch falls so much 
farther from the first stimulus in proportion as it lies high(ir. 
If we compare a rising and falling summated twitch, it will l>e 
found that the “ apex-time ” of the first is higher than that of the 
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second. The shortening of the apex-time is much more obvious 
in incomplete tetanus, when the period of rising energy often 
appears to be reduced to the third or fourth part of the time 
which it takes in single twitches. 

Mor eover, we learn from the relations of height in a contrac - 
tion Jv^ch is th£^^ twp jimpie twitches, that the theory, by 

wMch the later of the two is regarded as a single contraction 
upon a difierent abscissa, is not legitimate. XroheckeFScpHSll 



h 


Fio. 48. — n, Series of ascending ; 6, series of descending suininated twitches. The place of the 
second stimulus is the same in both cases, and only the first varies. Tim apez-hclght of the 
sumraated twitches inclines towards the left. (v. Kries.) 

(3) found the height of “ ascendmg ” maximal contractio ns to be 
greater at first than would c orrespond with Helmh oltz's law , but 
soTnuch“^e smaller aTterwards, acepr^P^ jo the d e^ee in which 
the second contr^tion_^upeipos^^ itsdf behin£^the earliest 
twitc h. The greatest energy was developed by the second 
impulse when it fell in the first ^ of the primary curve of 
contraction. The curve does not then proceed as if the state of 
contraction of the muscle at this moment were its point of rest, 
the second twitch only being excited, but the impulse of the first 
twitch is still eflective. In the second and third ^ the second 





CHANGE OF FORM IN MUSCLE DURING ACTIVITY 


117 


twitch helps the first, pretty much according to Helmholtz s law, 
while in the case where the second contraction rises from the 
summit of the first, the height of the summated contmction is 
always less than would correspond with the rule. 

We have already considered the effect, where, on repeated 
excitation with equal, maximal, induction currents, the height of 
twitch grows in the form of a “ staircase/' The significance of 
this fact to the consequences 
of summation has been 
pointed out by Ch. Uichet 
(4) in particular. He 
chiefly investigated the 
striated muscle of crab, 
in which the increase of 
excitability with repeated 
and uniform stimuli is 
very marked. Even in 
the case in which the 
single stimuli individually 
excite only sub - maximal 
twitches, and exhibit hardly 
any perceptible change of 
form (are subliminal ”), 
tliey may, on repeated 
apphcation, become efiec- 
tive, because each single 
excitation increases the 
muscular response to the 
next stimulus {addition 
laterde). Fig. 49 demon- 
strates very forcibly tliis 
effect of repeated uniform stimuli, each fer m iueflective, upon 
the muscle. 

The two first stimuli had no perceptible action, the third 
stimulus produces a minimal contraction, the fourtli, one some- 
what greater, while the three subsequent stimuli produce very 
marked contractions, which are fused into an incomplete tetanus. 
It is clear that such a dependence of excitability upon a previous 
excitation must sensibly affect the height of a summated twitcli, 
as well as the magnitude of the tetanus shortening. And tlius 
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it becomes intelligible that under certain conditions the height of 
a summated twitch may far surpass that of its two components. 

It was shown above that the magnitude of interval between 
each pair of stimuli must not exceed a certain limit, if the bene- 
ficial effect of the preceding stimulus is to be observed upon its 
successor, and it is intelligible that under some conditions tetanus 
may be set up in the muscle, in consequence of a rapid succession 
of weak stimuli, although these in themselves would produce no 
visible change of form in the muscle. • The intensity and 
frequency of stimulation necessary to produce such a mmmatim 
(Ilichet’s addition lateMte) must of course depend upon the nature 
of the muscle. a general rule, sluggishly reacting muscle is 
more predisposed to summation of stimuli than quick muscle. 



Fio. 60.—A, Sliui)lo twitcli (miiscle of Crab); smimiatod twitch, from two cloaely 
appmxiinated. stimuli of the same magnitude as A, (Bichet.) 


which tallies with the rapid expiration of all phenomena of 
excitation in the latter, since the persistence of any kind of 
change in the muscle-substance resulting from a stimulus is the 
necessary condition of a subsequent heightening of excitability. 
The comparatively sluggish striated muscle of the lieart may be 
indicated as peculiarly suited to summation effects in the above 
sense. Basch (5) showed that subliminal, single, _ electrical 
stimuli, inadequate in themselves to produce any contraction, will 
gmdually (addition latente) increase the excitability of the h eart- 
muscle (frog) if led into it at short intervals, u ntil finally con- 
tractio ns will be discharged. Engehnann (6) made similar obser- 
vations on the bulbus aortae of the frog’s heart, which also exhibits 
unmistakable effects of summation when rhythmically excited; 
the most obvious instances, however, are in smooth muscle. Here 
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it often happens that even with the most favourable conditions, 
the strongest dn^U induction shocks scarcely produce any visible 
effect of excitation (contraction), while the same parts (intestine, 
ureter, muscle of mollusc) are thrown into tetanus by the rapid 
succession of stimuli from a vibrating Neff’s hammer, at compara- 


Fio. 51. 



Fins. 51-53.— Muscle of Prog, indirect excitation witli induction cnri’ents of increasing strength at 
uniform frequency (10-13 iier sec.) (Oriltwior.) 


tively high coil frequency. With the constant current, too, it 
may often bo observed that with repeated closure at fairly short 
intervals, a current ineffective in itself will gradually produce 
effectual excitation (Engehnanii). This property of summation 
of stimuli characterises all irritable protoplasm (ciliated cells, 
nerve cells, vegetable protoplasm, e.g, Dunuectj etc.) in a more or 
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less modified degree, so that the phenomena described in muscle 
arc only a special case of a universal principle. Viewed in the 
light of the relations which we have been urging between an 
increase of excitability produced by excitation, and the process of 
excitation itself, it is a matter of indifference whether the process 
be regarded as a true “ summation ” of ineffective into effective 
stimuli, or as increase of excitability produced by this summation. 

The following points with regard to form, process, and magni- 
tude of tetanus contraction, and its dependence upon different 
variable factors, have been established by careful researches on 
the striated muscles of vertebrates and invertebrates. When 
the stimuli are weak, and the frequency per sec. moderate (10- 
12), the curve obtained from frog's muscles resembles Fig. 51. 



Fia. 64.— Tetanus arising from, and resolving Into, single twitches. Tlie beginning and end of 
the tracing only are represented. In the omitted, central portion of 1*9 sec. the line traced 
by the muscle was horizontal. (Bngelmann.) 


Tliis will be recognised as veiy incomplete tetanus, with 
deep indentations, so that only in a minor degree can the muscle 
be said to be permanently shortened. The summits of the in- 
dentations lie almost horizontal. If the exciting induction 
currents are strengthened, or increased in frequency, the teeth 
become shorter and flatter, and the indentations less deep ; the 
muscle reaches a much higher degree of permanent contraction 
(Fig. 52). Finally, the curve rises steeply from the beginning, 
and the indentation becomes negligible, disappeaiing altogether 
in complete tetanus (Figs. 53, 54). According to Kohnstamm (9) 
the tetanus becomes more incomplete with uniform frequency, in 
proportion with increasing strength of stimulus, since every incre- 
ment of stimulation accelerates the relaxation of the single con- 
traction (Fig. 54). 

Bohr (7) finds that the tetanus curve of unfatigued muscle 
(frog, toad) is ''an equilateral hjq)erbola brought to an asymp- 
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tote,” which is the more remarkable since the increment of 
single twitches in the '"staircase,” as well as with increasing strength 
of stimuli, follows the same law; yet the nile can hardly be 
universal, e,g. the tetanus curve of hydrophilus muscle does 
not coincide with it (EoUett, 8). The difference of contraction 
magnitude is at once apparent on comparing the two cases of 
complete tetanus resulting from a series of maximal induction 
shocks, and a single contraction The freely contracting, loaded 
muscle invariably shortens more in tetanus than in a single twitcli. 
Even if it were, certain that the gi*eater height of tetanus may be 
explained by the superposition (as described) of single twitches, 
the subsequent course of the process remains in obscurity. We 
can only conclude from the fact that the muscle in tetanus 
does not exceed a certain maximal shortening, that Helmholtz’s 
law loses more and more of its significance with progressive 
superposition, each new stimulus being so much the less effejtive 
in proportion as the muscle has already shortened with the pre- 
ceding stimuli. The height of the tetanus curve grows with the 
strength of excitation, or, where this is constant, with its frequency. 
The steepness of the rise alters in the same proportions (Kohu- 
stamm, 9). 

A fact of great importance in the estimation of tetanus was 
detennined by v. Kries and v. Frey (10), who showed that arti- 
ficial support of the muscle would, under some conditions, pro- 
duce the same degree of contraction from a single stimulus, as in 
complete tetanus. In this experiment an adjusting screw is 
placed imder the muscle-lever, and so arranged as to raise it 
to any given height. The loading first takes eSect fully upon 
the muscle, when it begins to raise the lever from the su^jport. 
The fact that the supported muscle contracts as vigorously in a 
single twitch, as the unsupported muscle in tlie more pronounced 
tetanus, is very apparent when single twitches and tetani are 
alternated in the same experiment. If the muscle is sufficiently 
loaded, the tetanus curve rises more or less above the summits of 
the single twitches of the unsupported muscle. If the tetanus 
is followed by a row of "propped” twitches (Fig. 55, a) the 
parallelism of the two processes is very api:)arent, and the con- 
viction is forced upon us that in summation of twitches in muscle 
there must be some kind of under-propping in the muscle ; the 
effect is, as Grutzner (11) says, "as thougli the niuscle contracted 
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SO effectually in tetanus, because in some measure it forms its own 
support, and carries itself” (Fig 55). 

In detail, we find many variations with regard to alteration 




Fig. 6C.— rt, GiwtrocueiiiluH (Frog) ; Hinglo twitches, tetanus, and group of suppoited t^vit■ches, 
loaded at 10*5 gr. ; b, tlie same at 0*5 gr. loading, (v. Picy.) 

of height in a series of supported twitches. The highest summit 
of the curve either coincides with the highest adjustment of the 
suppor^ng screw (as in the above example), or it may be re ached 

earlier, in whi ch case th e 
height of the t witches sinks 
again with furth er increas ed 
propping. Finally, there is 
the case jn wM^^^ heipEIof 
tmtch at first inc reases w ith 
regu lar progressiv e supp ort, 
then decreases and finally 
rises again to the highest 
increment, so that the func - 
tion has two maxima (v. 

Fio. 56. —Curarlsed muscle ; series of twitches with Frcy, 10—12) (Fi<^. 56), 
varying support ; loatl, 6 grs. ; stimulation inter- ' * 

vai, 1 sec. (V. Frey.) r elations also are 

e^pressed^ in certam’Tonns 
of tetanus curves with two and three summits. 

All these facts relat e to t he ^ro^rtionately loaded muscle. 
With very li ght IciMing, on the othe r hand, { hVsup^ r firig 
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l ias little effect upo n t he p o sition of the summit of t he twitch, 
a,ud i n corre spo n dence with this the_ difference hetiveen heipit 
of tetanus and height of twitch vanishes (Fig. 55, i&y This 
is intelligible when it is remembered that at low tension the ex- 
ternal conditions of the process of contraction cannot be intrinsic- 
ally altered by the support. Tetani lower than the single twitch 
are frequent in fatigued muscle (Fig. 57). Wlien a m u s cle has 
had a_ shQrt rest after a prolonged seiies of cqntractums, the first 
twitch on t he renewal of excitation is abnormally high in 
ppportipn with the' IblTowing” (Buckmaster’s “ initiar’ twitch), 
and this reversal of relation continues even if the muscle is 
supported. 

At present there are insuperable difficulties in the way of any 
adequate explanation of all these relations, and, in particular, of 



Fia. 67. — Tetanus and single twitch of a fatigued and curarisod nmscJe ; load, 10 gin.; nitc of 
stimuli, 0-1 sec. (v. Frey.) 


exact analysis of tlie process of tetanus, as is readily understood 
when we consider the number of different factors in the tetanus 
curve. The stairca se appea rance, 

the effect of internal as well as fatkjxie and co^titra/iare, 

all take more or less share in the process of tetanus (v. Frey). 

Another and probably important factor is, that in the majority of 
cases a muscle is not a physiological unit, but represents a mixture 
oTat least two functionally different elements, which can hardly 
be supposed to act simultaneously and uniformly. This leads 
to the further question of the dependence of tetanic excitation 
upon the nature of the muscle. Here, in the first place, we must 
consider the widely varying duration of contraction in different 
muscles, or the different fibres of the same muscle. An uninter- 
rupted tetanus, where the twitches are superposed as aliove, can 
of course be expected only when the interval of stimulation is 
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equal to, or smaller than, the duration of twitch up to the 
moment of maximal shortening. It follows immediately from 
this, that to yield a complete tetanus the single stimuli must 
succeed each other the more rapidly in proportion with the 
shortness of the twitches. In the case of a twitch as rapid as 
that of the wing-muscles of certain insects, which lasts hardly 
sec., more than 300 stimuli per sec. would be required to 
produce a tetanus. When in other cases the contraction, as in 
the muscles of the tortoise, lasts about 1 sea, two stimuli 
per sec. will produce complete tetanus. This is most striking 
in the smooth muscles, which are so sluggish that it is conceivable 
that an incomplete tetanus may be produced, even when the 
single stimuli (repeated closure of a constant current of adequate 
strength) are separated by pauses of several seconds. 

The following numbers give an approximate idea of the 
stimulation frequency per sec. required to produce tetanic fusion 
of twitches : — 


Tortoine .... 

2 (Marey) 

Frog, Hyoglossus (slow) 

10 to 15 

„ Gastrocnem. (quick) . 

30 

Crab, Claw-muscle (slow) . 

20 (Ricbet) 

„ Tail-muscle (quick) , 

40 

New-born animal (warm-blooded) . 

16 (Soltmann) 

Rabbit (red muscle) 

4 to 10 (Kronecker and 


Stirling) 

„ (pale) 

20 to 30 

Bird . 

100 (Ricbet) 

Insects .... 

300 to 400 (Marey, Landois) 


It is obvious that the above figures would vary considerably 
if the state of the muscles were to alter. We have already 
emphasised the difference in dumtion of twitch according as the 
muscle at the time of experiment is fresh or fatigued, with 
circulating blood or bloodless, is normal or poisoned (veratrin), 
warmed or cooled, so that without changing the frequency of 
stimulation we may have, according to the physiological state of 
the muscle, complete or incomplete tetanus, or only simple 
twitches. Moreover, a glance at the table given above shows what 
a significant difference exists in the stimulation - frequency 
required to tetanise fimctionally different striated muscles in the 
same animal. As these relations are of great importance, they 
must be examined more in detail. Eanvier (13) first drew 
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attention to the remarkable physiological differences between red 
and pale muscles in the i-abbit, and more particularly to the 
enormous differences which he found in the stimulation-frequency 
required to produce tetanus, while Kronecker and Stirling (14) 
subsequently ascertained that the red muscle of rabbit, in coitc- 
spondence with the sluggish process of contraction, is thrown by 
4 stimuli per sec. into incomplete, by 10 per sec. into 
fairly complete, tetanus. With stimulation intervals of sec. 
the pale muscle recovers its extension again almost completely, 
while the red, though trembling, remains tensely contracted. 
The pale muscle of rabbit requires from 20 to 30 stimuli for 
complete tetanus. Analogous curves are obtained from corro- 



Fio. 58.— -Tetanus curve of tuil- and claw-muscles of Crab Avith uniform excitation. The (lulck 
tail-muscles &11 into liicomplcto clonic tetanus, the sluggish claw-musclcs into cjjinplete 
tetanus. (Bicliet.) 


sponding excitation of the quick tail- and sluggish claw-muscles 
of the crab (Eichet, 4) (Kg. 58). 

Very characteristic, and functionally weighty, differences of 
tetanus contraction were found by liollett (8) in the anatomictilly 
and physiologically different muscles of hydrophilus and dytiscus. 
Besides the fact that in this case also the quick, rapidly-contract- 
ing muscles of dytiscus require a higher stimulation-frequency to 
enable, them to contract than the sluggish muscles of hydro- 
pliilus, as at once appear from Fig. 59, a, &, another important 
difference exists in the course of a jDrolonged and complete 
tetanus. The first tetani yielded by freslily-prepared dytiscus 
muscles rose more steeply, and fell much more rapidly, than 
those of hydrophilus muscles, in which the long duration of 
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the tetanus is highly significant. This is expressed in the fact 
that the height of the tetanus alters little with repeated excita- 
tion in hydrophilus, while in dytiscus it rapidly decreases. 

Hydrophilus muscle, notwithstanding its excitation, remains 
capable of functioning for so long that it only becomes exhausted 
very gradually, provided it is given a short rest between the pro- 


a 



iiifi 


jIM 


b 



Fia. 59.— Tctani, rt, of Dytiscus ; &, of Hydrophilus muscle at uniform excitation. (Rollett.) 

longed periods of activity in regular order of succession. Dytiscus 
muscle, on the contrary, is exhausted by exertion in a compara- 
tively short time, but if it is given longer rest between the 
periods of exhaustive activity, it can, in spite of repeated efforts, 
recover itself between times to a certain extent in the intervals.'* 
Dissimilation and assimilation must accordingly take a different 
course in the two kinds of muscla Eichet {lx, p. 114 ) made 
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similar observations in regard to the process of tetanus witli 
prolonged excitation, in the sluggish claw- and quick ttiil-muscle 
of the crab. Complete tetanus of the latter is never of long 
duration, the muscle quickly relaxes, and for some time exhibits 
a marked diminution of excitability; the tetanus of the claw- 
muscles, on the other hand, increases gradually, and may persist 
for a long time. The relation of this phenomenoii to the normal 
activity of both kinds of muscle is unmistakable. The powerfully 
developed adductor of the claw has to remain uniformly con- 
tracted for a long period with a great output of energy, wliile 
the tail serves up quick movements (strokes) like a rudder, and is 
concerned less with a prolonged yield of energy than with rapidity 
of motion. 

These results are an additional confirmation of the conclusions 
which we have shown to stand out re energy and duration, from 
the distribution and presence of sarcoplasmic and non-sarcoplasniic 
(light and dark, pale and red) muscles. The same facts assume 
a still greater importance when it is remembered tliat in tlie 
majority of cases one muscle contains hoth Mnds of jiinctionally 
different fibres in varying quantitative relations. And if this 
double composition appears sometimes in a single, simple twitch, 
and is plainly expressed in the curve, the same also occurs, 
and ill a much more marked degree, in tetanus. (Jenerally 
speaking, we may expect that muscles, the bulk of which consists 
chiefly of sluggish (dark, red) fibres, will exhibit ])roperties iji 
conformity with these, while, if composed of quick fibres, they 
will react like the latter. 

This is well indicated, according to Grlltzner (15), in the 
relation between the height of the single twitches and the height 
of tetanus. In loaded muscle the latter considerably out-toj)s the 
former; but under uniform conditions the differeuce is much 
more marked in sluggish than in quick fibres. If, c.y., with direct 
excitation, the height of tetanus in the mixed gastrocnemius in 
frog and toad are compared, it will l)e secji that the muscle 
of the latter, which mainly consists of sluggish fibres, will raise 
the same weight much higher than the corresponding muscle 
of the frog, although it is much smaller. The former almost 
curls itself into a ball with strong electrical stimulation, while the 
frog’s muscle, even in the most pronounced tetanus, is far Irom 
being rolled up. While in the quick ” muscles of the frog 
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(triceps, gastrocnemius) the height of twitch to that of tetanus is as 
1 : 2-3, the ratio in the same muscle of the toad is about 1 : 5, 
and it is considerably larger in the more sluggish muscles (hyo- 
glossus and rectus of frog, 1 : 8—9). In investigating isometric 
muscular action in man (M. obductor indicis or interosseus dorsalis 
primus) by a specially constructed tension indicator, Tick (16) 
found, on comparing the tension produced by a maximal single 
stimulus with that developed by tetanising excitation, that the 
latter is ten times as great as the foimer, while in the frog the 
difierence is much less, whether in isotonic or isometric action. 
Human skeletal muscle therefore reacts in complete correspondence 
with red sluggish fibres. 

Bearing in mind these results, which show that the work 
yielded in tetanus by the quick (pale, clear) muscles is insignificant 
both as regards size of weight lifted and height to which the 
load is raised, in comparison with the same yield of the sluggish 
(dark, red) muscles, we may adopt Griitzner's denotation of the 
latter as ‘'tetanus muscles,” since they may be said, through 
their physiological properties, to be adapted to this form of shorten- 
ing, and singularly fecund in their response. When quick and 
sluggish fibres are united in the same muscle, it may result from 
the differences of excitability as above, that with weak excitation 
(direct, or from the nerve) different portions of the muscle twitch, 
or go into tetanus, from those brought into play with stronger 
excitation. Griitzner even i nclined to ascribe the summation- 
^ ect in tetanus in gre at ^rt to these differences in the physio- 
logical resp onse of _tbe two. kinds of fibres. He^refersT^IT, p. 2'5Tf) 
the striking similarity between a series of " supported "jfwiEches, 
and tetanus (supra), to an internal supporting of the muscle by 
its sluggish (dark, red) fibres. These keep it at rest^aFa given 
medium length, which naturally decreases inversely to the number 
of red fibres. If an appropriate stimulus, Le, not too powerful, 
is sent into the muscle when thus shortened, its excitable (light) 
portions will contract visibly. This second superposed contraction 
must accordingly result more quickly, as v. Kries found actually 
was the case (shortening of apex - time). The stronger the 
stimulus, however, the greater will be the activity of the more 
sluggish portions; the more rapidly will the discontinuity vanish 
(which, as might be expected, is disputed by Kohnstamm), and 
the greater wiU be the height of the " tetanus curve.” 
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“ This then affords a simple explanation of the Jfict, which is 
ea sy to co Dfirnii^that, twitches a muscle that 
^already in steady and uniform contraction^ 
in a^r^t numhm* of epes ” (Griitziier). 

Upon this assumption, whic^, as it scems^to jiis, emphasises 
one of the n ip8t_es8e^D.tial fa^^evs ^ that co^ ijtSo 

play in tetanus conti'actions, “ a tetanus reniains discontinuous 
and unsta ble as long as the twitches of the pale fibres can be 
supe^^ed upon the contmetm red. But if the red have 

s^hortened to their maximum, the entire niu^le will be so short 
that the twitching movements of the pale muscles produce little 
or no discontinuity of m ov ement, or tremor.” 

On account both of its histological and physiological pro- 
perties, cardiac muscle naturally falls under the same category as 
the sluggish, sarcoplasihic, striated skeletal muscles. In corre- 
s^^ondence with its sluggish twitch and prolonged duration, we 
might naturally expect to find it peculiarly adapted to steady, 
complete tetanus. Yet the contrary results from experiment, and 
in this respect, as in many others, cardiac muscle takes up a char- 
acteristic attitude. Summation experiments are the more reudily 
carried out on the heart, since its spontaneous rhythmical con- 
tractions, which are undoubtedly valid in a physiological sense 
as single twitches, may be employed in a slow series of beats 
(frog’s heiirt) to investigate the action of a new artificial stimulus 
(induction shock) in dilfereiit phases of contraction and relaxation. 
In these experiments Marey (17) found that cardiac muscle in 
certain phases of its activity was variably sensitive to excitation 
by a single induction shock, while during one period it is not at all 
excitable (refractory). The ventricle, and all o^ier sections of tlie 
heart, are un responsiy e^^Tp " i noderate stimuli during the entire 
systole of the p arts in (jn^ion, while in the (liastolicj^f^J’i^^^ 
well as in the pause between each stimulus, an extra contraction is 

jueH^ WTtF 'stronger excit^^^^^ this 

more and more ab breviated^ and ver y »strong stjnn il i seeni finally 
to produce an excitatory effect in every sphere ot cardiac activity 
(Marey, Ti^rstedt, Lov6n, eta)“'^fhir rinarka^ property of 
all cardiac muscle will partially explain the characieristic reaction 
of the heart during a rapid succession of (tetanising) stimuli ; 
for it is evident that in coasequence of this peculiarity a con- 
stant, or rapidly repeated, excitation must fail to produce any 
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(continuous, or suinmated, contraction- (tetanus) ; there can only 
l)e a series of contractions interrupted by marked pauses. Bow- 
ditch was the 11n3t to determine by excitation of tlie frog’s heart 
that even where the single induction shocks are separated by 
intervals of several seconds, the number of the contractions is 
often less than that of the stimuli. This disproportion between 
stimulus and contraction is even more striking where the former 
are working in quick succession, when ttie muscle of the heart will 
often fail to respond to a whole series of excitations (Basch, 5 ). 
Under tluise conditions a new cardiac rhythm, dependent on hi- 
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Fig. 00. — Bulbus aortw (Prog), tetanlsiiig «xcltation with iinluction currents. Stimulation* 
frequency, 80 per sec. Tuning-fork tracing, i sec. The ciphers under the figures give lm 
ton8itie8.oftetanising currents. Intensity of coil imshoU home =1000. (Engehnann.) 

tensity and irequeiicy of the stimuluB, is always developed, since, as 
Engelraann ( 6 ) found on tetaiii&ing the bulb of the frog’s heart 
with, alternating ’ currents, a' very low excitation-strength will, 
after some tiine, produce a systole by “ latent summation,” 
followed perhaps by another, or .several. The latent period of 
the first, and the intervals of the subsequent, contractions, are 
longer in proportion as the single stimuli are weaker. With 
growing density of the exciting (Current the duration of the 
latent p(^riod soon becomes minimal, as also the interval between 
each systole (Fig. GO). Even with the strongest currents 
Engehnann found no complete relaxation of the bulb after the 
first contraction; it remained in tetanus at a cerhiin height. 
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we have here no true superposition of contractions, but tlie 
fira t lift is of the same height as after a single effective stimuius. 
At fi rst, ihteriRipt ioiis niay still be seen in the tetanus c'uiwe; the 
)^i od of whiph notj however, that of fhe stimulus, bvit IpngS^, 
intrinsic to itself, and deterinined by; the specific nature of the 
muscle -substance. Eaiivier (18) obtained the same tetiinus 
curves from the ventricle of the frog's heart. It ^nnot be 
doubted that this reaction of the cardiac bidbar mus(des to 
tetainslug^lexcitation sUinds in the closest relation ^viU\ tlieir 
h^ily;deyeToped2 .pf rhytlimical activity ; we know that 

perfectly constant stimuli, e.y, chemical and mechanical, produce 
rhythmical contractions of cardiac, and also under certain condi- 
tions of striated skeletal, muscle during the ejithe duration ol’ 
their action ; this property is, however, much less developed in 
the latter than in the former. 

We must assume tliat a series of single stimuli would 
approximate the more closely in their physiological effect to tln^ 
action of a persistent stimulus, in proportion with the rapidity of 
succession of the stimiih, so that it would not be surprising ii‘, 
under certain conditions, the effect of a svjccefim)7i of si midi 
corresponded with that of a pers 'istcnt stimulus in striated skeletal, 
as in cardiac, muscle. Tliis does, indeed, appear to bo the cast'., 
and two phenomena especially are remarkable as claiming atten- 
tion in this particular, i.e., on the one hand, the rhylkm/utally 
interi'upted tetanm, on the other, the so-called initial contraciion. 
liichet (4, p. 126) was the, first to describe rhythmical altemtions 
iu the curve of tetanised crab's claw-muscle, for which it aj)peai*s 
tliat weak and very frequent stimuli are essential. Schoenlein 
(19) (Fig. 61, h) soon after made similar observations on 
beetle muscles (dytiscus and hydrophilus). He obtahied, on 
exciting the muscles in the detached femur with induction 
currents of low strength and high freejuency, either rhythmical 
contractions (dytiscus), or rhythmically interrupted tetani ot 
longer duration (hydrophilus, crab), or finally contractions, separ- 
ated by pauses of rest at different intervals. The stimulation- 
frequency in these experiments was usually 880 per sfXJ., but the 
phenomena may be observed at much higher IreqUencies. Ihe 
lower threshold is in the beetle "100 or 80, in crab as low as »>0 
per sec. 

As regards current strength, the rhytlnn variexl betwe(Ui 
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minimal stimulation distance and 1 - 2 mm., a very small 
interval of difference. With closer approximation the rhythm 
always passed into a smooth, unbroken tetanus. Here, again, 
the difference already pouited out between the muscles of 
hydrophilus and dytiscus is apparent, since, as we have seen, the 
former, like the sluggish claw-muscles of the crab, yield longer, 
rhythmically interrupted tetani, while the freq[iient rhythmical con- 
tractions characteristic of dytiscus under tlie same conditions are 
nowhere present. We have no hesitation in claiming for these 


a 



Fia. dl.— < 1 , Khythinicttl contractionM of log of DyfciscuH marginaifs with tetaniHlng excitation. 
Stimulation - fi^qiiency, 880 per me. b, Rhytliinicully Intemiijtod tetani from leg of 
Uydropliilus plceuH. (Sclioenleiii.) 


observations of Schoenlein and Eichet an analogy with the fact 
that cardiac muscle also yields rhythmical contractions under the 
same conditions, although, of course, we have in these to reckon be- 
sides with the value of the single twitches, which is never or rarely 
the case in beetle muscle. In the quick muscles of dytiscus, in 
which the frequency of rhythmical contraction varies at an 
average of 2-6 per sec., exceptionally rising to 30, it is perhaps 
legitimate to credit the single contractions with the value of 
single twiddles, while the sluggish hydrophilus and crab muscle 
throughout exliibit short tetani. We shall presently see that 
cardiac muscle always, and striated skeletal muscle under at 
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least some cii*cumstaiices, are stimulated by the constant current 
to quite analogous rhythmical activity. As a rule, however, the 
constant current only produces a single conti'action when it is 
closed, and eventually when it is opened also (make and break 
twitch), in striated muscle, both with direct or indirect {vid nerve) 
excitation. Interrupted currents have exactly the same effect 
under certain conditions. 

Bernstein (20) was the first to observe that with a given 
frequency (about 900 per sec.), and moderate intensity, induction 
currents led into the frogs sciatic produced a single brief 
‘"twitch” of the gastrocnemius, a so-called “initial twitch,” 
instead of tetanus; this is more apparent in the most rapid 
interruptions of the primary circuit, grows weaker witli diniinisli- 
ing frequency of stimulation, and disappears entirely below a 
certain limit (200 to 300 stimuli per sec.) The phenomenon 
occurs with both direct and indirect excitation of curarired 
muscle. According to (Jriinhagen (21) and Engelmaim (22) 
thei’e is occasiomdly a “ final twitch ” at the (dose of the tetanus 
also, corresponding with the opening twifeh of the constant 
current. The investigation of the effects of very high stimula- 
tion-frequencies oil muscle (and nerve) often leads to contra- 
dictory results, because the application of electrical stimuli of 
great rapidity presents great technical diHiculties, where complete 
uniformity in strength and order of succession is rec^uired. 
Neither the application of sliding contacts, nor mercury closure, 
is in this respect sufficiently trustworthy. Even Kronecker’s 
“ficoustic current interrupter” (14), in which the longitudinal 
vibrations of a magnetised iroii rod, jjroduced by friction, set up 
induction currents in a wire coil, fails, according to RotJi (23), 
at very high frecjuencies (over 4000 vibrations). JlotJi {Lc.) has 
recently employed the microplu)7ie, and obtained reliable elei^trical 
stimuli of high freiiueiicy, which were also icgular and jlcrfetitly 
under control. Pipes of different pitch were blown by means of 
a gas motor, and a dry cell, equal to one J^ecdaiichci, was intro- 
duced into the primary circuit. With iiidjrcc^^ a 

frog*s gastrocnemius (from tfie neiy®) that tetiiniis 

disappea red when 5000 stimuli per sec. were sent in from a pipe 
of 250 0 vibrations, with a given strength of the 
phon e. The limit with direct 

sinular^'cmidilions about oOlT stimuli lowiir. V. Kries sue- 
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ceeded in obtaining oscillations of great fre(£nency by the use 
of induction coils, produced by the rotation of a disc between the 
free surface of the iron axis of a coil, and the opposite pole of a 
Xjowerful electro-magnet, the periphery of the disc consisting 
alternately of iron and a non-magnetic substance (brass). Since 
each iron tooth of the disc is magnetised as it passes over, a 
coiTeaj)Oiiding change occurs in the magnetism of the iron axis of 
the coil, and current is induced. The frequency of current- 
oscillation is equal to the number of iron teeth which run 
be.tween the iron core and the pole of the magnet in a unit of 
time. (A similar aiiparatus was constructed later by Griitzner.) 

lioth, as well as v. Kries, showed that an upper limit of the 
stimulation-frequency at which tetanus can still be called out 
exists only relatively. “ For each intensity of current given as 
the amplitude of an oscillatory process, a frequency . may be deter- 
mined which need only be exceeded in order to produce disappear- 
ance of excitation elfects.” In order, therefore, to maintain a 
tetanus, intensity as well as frequency must be augmented, other- 
w'ise the phenomenon of tlui initial twitch will ensue, which is 
described by Eoth as a very brief tetanus, while Schoenlein (25) 
regards it as a dTigle twitch due to the summation of ineflective 
stimuli. V. Kries {Lc) also finds that the time-relations of the 
initial twitch correspond throughout with simple induced twitches. 
If the frequency in a given case remains constant, and current 
intensity only diminishes, the effect remains approximately con- 
stant (Kraft, 26). An appearance analogous to the “initial” and 
“ final ” twitches was observed by Engelmann (6), during very 
frequent rhythmical excitation, in the smooth muscle of the 
rabbit’s ureter, where “ the close of a series of periodically recur- 
ring, short stimuli acts like the break of a constant current, just 
as the impact of a rapid succession of shocks acts like the closure 
of a constant ctuTent.” We have made similar observations on 
tlie adductor muscle of Anodonta (27). And an effect corre- 
sponding with the initial twitch may be observed in cardiac 
muscle : “ If a succession of stimuli (induction shocks) which 
would produce a twitch after each pause of two or more seconds 
with unfailing regularity, are sent into the excised ventricle at 
intervals of less than a second, the first stimulus will be followed 
by a systole, the later at most effect a weak local action” 
(Engelmann, 22). 
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Keturning to the consideratioii of steady, complete tetanus, 
we have next to ask whether the excited state of the muscle is 
really continuous, as it appears from tlie curve to be, or if, not- 
withstanding appearances, discontinuous alterations of condition 
can he demonstrated, which follow in the usual coiu'se, but are 
not expressed in corresponding form-clianges. It is conceivable 
that the contractile elements of the muscle may be thrown int(,> 
new equilibrium, and maintained at the same as long as excita- 
tion continues, by the stimuli which follow at a given rapidity ; 
or we may assume not only the excitation, but also muscular 
contraction itself, to be a discontinuous process, in wdiich a 
vibratory movement of the smallest particles of the muscle-fibres 
corresponds with each impact of stimulation. Experimentally, 
there is strong reason for sup])osing that electrical tetanus is 
really discontinuous, notwithstanding its apparent continuity. If 
we touch a muscle, or, better, a whole limb, that is in rigid 
tetanus, a vibration is easily felt w^hich can be expressed object- 
ively by delicate graphic methods, as well as subjectively in the 
so-caUed muscle-sound or muscle-tone, and by the tremor of the 
shiny surface of the muscle in tetanus, as Briicke (28) observed 
through the skin of a man’s arm when suitably illuminated. 
Helmholtz obtained an objective demonstration of the vibrations 
of tetanised muscle by fixing a watch-spring or paper flag on to 
an elastic board, attached to the muscle (29). The springs 
vibrate consonantly when their own vibration period coincides 
with that of the tetanised muscle. And a thread attached to the 
tendon of such a muscle, and stretched tensely, falls, as Engel - 
mann (22) showed, into longitudinal vibrations, which can com- 
municate perceptible impacts to a light recording level*. Since*, 
further, rapid vibrations {e.g, of tuning-forks) may l)e conveyed 
through air-capsules with perfect accuracy, the (juick tremor of 
the tetanised muscle is able, without any noticeable change in its 
length, to set the lever vibrating at com])aratively large ampli- 
tudes according to the above method, cf. Mai*ey’s imice mgo- 
graphiqiie (Kronecker and Hall, 8; v. Limbeck, oO). 

These facts are even more interesting in refenmee to the 
much-disputed question whether the natural, voluntary or reflex, 
persistent contraction of striated muscle is produced by a rhy i- 
niically self-repeating impulse, as in artificial tetanus. 

Wollaston (1810) and Ermann (1812) attempted to ajipl} 
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the muscle ‘Sound in determining the discontinuous nature of 
voluntary muscular contraction (Martins, 31), and Helmholtz 
subsequently investigated the phenomenon more exactly. like 
Ermann lie started from the fact that when the masticatory 
muscles are forcibly contracted at night, with the ears closed, “ a 
dull, humming sound is heard, the ground-tone of which is not 
intrinsically altered by increased tension, wliile the humming that 
goes with it becomes stronger and louder. Helmholtz then found 
that on tetanising his j)wr^ ma^^^ directly, and the brii^iia l 
muscles^f an assistant from the median nerve, by m^ns of 
an induction coil standing in the next room, the jnuscle 
gave the tone of the internij^ting spnng instead of the nginiaj 
'muscle-briut. This is a direct proof that vibrations do occur 
Vithin tiie muscle, however constant its change of hiay 
appear to be, and that a vibration actually con^esponds with 
^ch single stimulus, for if the number of stimuli is altered, 
the height of the muscle-tone altei’s also, since within certain 
limits it always corresponds with the stimulation-frequency. That 
no alteration of form is to be seen in the tetanised muscle only 
implies that vibrations occur in the smallest particles, while the 
external shape does not alter, much as a rod that is vibrating 
longitudinally emits a sound, although no external change of form 
is visible. Moreover, as pointed out by Hermann, the muscle- 
sound could still be explained if the periodic process in tetanised 
muscle were not merely mechanical, since the rhythmical currents 
of action to be discussed below appear to be sufficient to account 
for them. 

The experiments of Helmholtz indicate a high degree of 
mobility in the least particles of striated muscle, for he even 
detected a clear muscle-tone of corresponding pitch in electrical 
tetaiiisation of 240 stimuli per sec. Bernstein (33) subse- 
quently endeavoured to determine the range in which it was 
possible still to detect a clear muscle-tone, i.e. to what limit the 
muscle-elements responded to the rapidity of the stimuli acting 
on them in electrical tetanus. By means of the acoustic current- 
interrupter (in which a vibrating spring of different tensions opens 
and closes the primaiy circuit) he stimulated the gastrocnemius 
muscles of the rabbit, partly directly, partly from the nerve, and 
convinced himself that the muscle-bruit can reach a very consider- 
able height, since a tone of 748 vibmtions still sounds loudly, 
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and one of 933 vibrations is faintly audilde. At a frequency of 
1056 stimuli, however, only a tone a fifth or an octave lower was 
perceptible. Ix)vfen (34) places the limit of reaction in rabbit 
muscle much lower. When all due precautions were taken, he 
heard from M. tibialLs anticus, on exciting its nerve with very 
weak induction currents at a frequency of 330-380 per sec., a 
tone which was ue^irly always a distinct octave below tlic tone of 
the interrupter ; it disajipeared on intensifying the strength of 
cun’ent, and reappeai'ed finally at a certain intensity in nnhon 
with the exciting tone. In individual cases the two octaves 
appeared with medium stimulation, sometimes simultaneously, 
sometimes alternating with one another. But a true muscle-tone 
was never emitted at a higher frequency than 880 pm* sec., 
corresponding to a", which the muscle responded by a\ the lower 
octave. With higher frequency of stimulation a dull, muscular 
bruit only is heard, and no tone coiTesponding to it. Experiments 
in which the sciatic nerve was tetanised by the telephone gave 
similar results. With progressive alterations of ])itch by singing 
into it the scale from y (198 vibrations) to y' (396 vibiutions), 
Lov6n clearly heard the whole scale given out by the inus(de up 
to (/ (264 vibrations); the d! was very indistinct, c'yjUy and //, 
on the other hand, again proijuced clear, muscular tones, but they 
belonged to the lower octave. Kronecker and Stirling (14) had 
found that on stimulating the pale gastrocnemius of rabbit with a 
Konig's tuning-fork (180 vibrations), introduced into the induction 
apparatus, or with the rapidly- vibrating Wagner’s haimner, the 
tone corresponding to the number of vibrations in the intermpto* 
was heard with every characteristic of its piUdi, “ as if the con- 
ducting wires were sound conductors.” But this experiment is 
not confirmed by Lov(^n. In every case, even on singing inhj the 
telephone, “the muscle -tone was conspicuously dull and low- 
pitched,” only the ground-tone of its deeper octave ])eing given 
out, never the over-tones. Wedenski’s observations (35), which 
refer specially to the detection of the action currents of tetanised 
muscle by the telephone {infni), also indicate that tlie cfijjacity of 
striated muscle to respond to very frequent stimuli by correspond- 
ing, rhythmical alterations of state, is limited. Brevious to tin? 
upper limit of rhythmical stimulation-frefiuency, at which the muscle 
only replies by a dull, unmusical sound, an exception occurs to tlje 
rule that holds at the ])eginning — i.€; tliat jatcl) corresponds with 
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stimulation-frequency, since the tone produced is an octave, a fifth, or 
even two octaves lower. According to Wedenski there is complete 
parallelism between the electrical oscillations and tlie mechanical 
(audible) vibrations of the muscle, in the sense that the pitch of 
both tones is idoiiticaL The muscle responds to eacjh verj" 
frequent excitatioii by a chanicteristic bruit, but not by a tone oi‘ 
corresponding pitch. The limit in warm-blooded muscles lies at 
about 1000 stimuli per sec.; in frog’s muscle it is much lower; 
according to Wedenski tliis last ceases to give a tone corresponding 
with the stimulation -frequency at about 200 stimuli per sec, 
Lovell usually failed in hearing any mechanical tone (caused by 
vibrations) in the gastrocnemius of the frog, even with the help of 
the most sensitive instruments. This seems to indicate that the 
capacity of muscle to produce a musical tone in response to 
rhytlimical excitation is the more developed in jjroportion with 
the mobility of the muscle, i.c. with the rate of its contraction. 
(Birds’ muscles would presiunably respond to very high frequencies; 
the pale muscle of mammals, accordmg to Kronecker and Stirling, 
/.c., far surpass the red in this particular ; tortoise muscle emits 
hardly any sound, or only at a comparatively low frequency.) It 
also appears that the capacity of a muscle to give out sound 
suffers considerable variations if the mobility of the smallest 
particles is from any cause diminished. 'Jliis specially applies 
to fatigue, to which is owing the fact that a muscle which, at the 
beginning of excitation, gives out a tone of corresponding pitch, 
subsequently produces a deeper sound, and eventually only an 
indefinite munnur (Wedenski, I.c,) finally, the character of the 
muscle-tone depends also upon intensity of the single stimuli ; 
where this is very low an undefined murmur replaces the musical 
tone at maximal excitation, in spite of an adequate stimulation- 
frequency. 

The fact that the muscle-tone does not always correspond 
with the frequency of stimulation in direct excitation from the 
nerve, makes conclusions as to the rhythm of central innervation, 
deduced from the naiiiral muscle-bruit, very uncertain. We have 
said above that muscles, when thrown voluntarily into vigorous 
and persistent contraction, emit a dull, humming sound. It is 
difficult to determme the pitch of the ground-tone in this case, 
because it lies on the threshold of perceptible tones. Helmholtz 
estimated it in his masticatory muscles at 30-40 vibrations 
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per sec. Wollaston had previously attempted to det<n‘niiiie the 
vibration-frequency in voluntary contraction of his brachial muscles 
by supporting his arm on a grooved board, over which a rounded 
piece of wood passes with such rapidity that tlie sound is of the 
same pitch as the muscle-sound. lie found that the frequency 
of the latter lay between 20 and :-10 vibrations. Helmholtz sub- 
sequently found, by means of the consoriating spring, that iu 
voluntary innervation there was a marked and visible consonance, 
when the spring was registered, at 18-20 vibrations per sec. 

l L.would.appej:ir from these experim ents that tlie vibration- 
frequency o f the iiatural muscular rliythm~m ‘man^L^'n^^^ 40, 

1)ut 18—20. What is heard as tlie muscle-tone is really only the 
tirst over-tone of the true muscle-vibration, the gi’ound-toiie of 
which Js no longer within the range of audible perce[)tion ; 
according to Helmholtz it corresponds witli the 0 of the 1 G-foot 
open organ-pipe, and is like this a resonance-tone of tluj ear. 
We ciinnot therefore, from the i)iteh of the sound that is directly 
audible in voluntary contraction of the muscle, draw any din.uit 
conclusions as to the freciuency of the central impulses. Jhit the 
objective resonanc e experiment s with consonating springs, as well 
as the obs ers^ation of du Bois-lteyinond, to the effect that a similar 
br uit is heard both in volimtary innervation and in artificial 
te^nus when the current is led into the spinal cord, and not 
directly to nerve or muscle, do no twithstanding appear to show 
that the natural rhythm of excitation from the centiai nervous 
system lies at about iS— 20 per sec. According to du J>ois- 
Keymond we hear, under these conditions, not the tone of the 
current oscillations, but a deeper tone, coTTes].)on(ling in (iveiy way 
with the muscle-bruit. Kronecke r and Stanl ey Ha ll (>0 obtained 
tlie same results from the objective r^istratioii of variations in 
bulk of the 7?^ios ed M. biceps^fenioris of rabbit, by nieans <)f 
Marey's air-c apsules. In agreenrent with the results of Helinhollz 
mid du Bois-Eeymond j the curye._desc^^^^ t]i«. ibM^^de only 

showed 20 s hallow undula^iis, when the niuiiber_qf stimuli 
led into the sp inal cord was about 48 pe^ sec. This seems 
tq^eterniine objectively that the central organ (spinal cord) not 
merely po ssesses an intrinsic rhythm of innervation peculiar to it 
under all circumstances, but that the number of efferent imjndses 
also corresponds in general with the number of vibrations in the 
natural muscle-tone. Horsley and Schiifer found on tetanisiug the 
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cerebral cortex fillet, or spinal cord, that the rate of muscular 
vibration was much lower, the average of vibrations being only 
10, when the stimulation -frequency was above 10 per sec.; 
the results of voluntary, persistent contraction also correspond 
with this lower value, and Canney and Tunstall (37) determined 
the same in man (cf. also Griffiths, 38). 

V. Kries (39) arrived at similar results. He used apparatus 
constructed after one of Marey's sphygmographs : “ A steel spring- 
plate is fixed at one end, the other free end carries on one surface 
a wooden peg about 2 cm. long, to which is fastened the 
little button — a thin disc of wood 1 cm. in diameter— that rests 
on the muscle. The other surface of the steel spring is provided 
with a sharp edge, which, as in Marey’s sphygmograph, transfers 
the movements of the spring, greatly magnified, to a very liglit 
recording lever.” When, after fixing the arm, the hand was bent 
sharply towards the wrist, v. Kries obtained curves from the 
flexor muscles of the under-arm like Fig. 62, c, with a distinct 
rhythmical periodicity of 11*8 per sec. The oscillations of the 
otlier muscles were still slower, e.g, the deltoid (weight held out 
with arm stretched horizontally) showed a rhythm of 9*6 per 
sec. ; plantar flexion of the foot only 7*7. Hence it would 
appear that the number of impulses hitherto taken as the rhythm 
of central innervation, i.e, 18—20 per sec., is too high, and that 
with slow movements or persistent contraction it must, as a rule, 
be estimated at 10—12 per sec. But as v. Kries pointed out, 
both the rhytlim of physiological innervation and the time- 
relations of the single impulse must vary within considerable 
limits, for tlie persistent contractions, due to voluntary innervation, 
are effected by 11—12 impulses per sec., wliile, on the other 
liand, we are also capable of making 11 single movements in 
a second (pianoforte playing), which rhythm must also necessarily 
be present in the innervation process. It may be concluded 
that in botli cases — notwithstanding the coincident periods — the 
innervation must have varied considerably (v. Kries, Lc,) 

As was remarked by Briicke (28), it is in the highest degree 
improbable that voluntary muscular movements are due to only 
one single efferent impulse from the cerebrum. In all cases, 
even the shortest voluntary “twitch” implies a short tetanus. 
This agrees with Baiat’s statement (14, p. 26) that “a voluntary 
contracition of the simplest possible character (tap with the finger) 
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generally lasts twice as long as the same movement excited hj- u 
single induction shock.” V. Kries confirmed this, and was also 
able to show from the gi-aphic record of the activity of the fiexor 
muscles, with the quickest possible rhythmical movements of the 
middle finger or whole hand (9 per sec.), minute but quite 
visible oscillations, accessory to the larger waves, with an interval 
of -gig- sec. (Fig. 62, b). 

If every experimental error from mechimical vibration is here 
really excluded, we must inevitably conclude with v. Kries that 
the rhythm of increase in the muscle, as in other cases, indicates 
the rhythm of the central hnpulses that impinge iqmn it. With 
a rapid sequence of short movements we should therefore have to 
picture the process of innervation as such “ that our will presides 
over combinations of stimuli in which the single, impulses follow 
with great rapidity, oiie predominating in each ciise over the rest 


a 



Fio. t}2.— Osolllationa with voluntary muscle activity, tt, With stremiouK, persiHUmt contraction 
of muscles of the forearm (hand balletl towards the list) ; the spring rests on tlie volar side 
of the under-arm. b, Activity of flexor muscles on i-apld rhytlmiic bemling of the iiiidille- 
Anger, (v. Kries.) 

to a marked extent.” The extent and diversity of physiological 
reaction in quick and sluggish muscle, as above, are closely allied 
to the idea that along with slow and rapid movements there is 
also innervation of functionally difterent elements, the more so as 
partial innervation of one and the same muscle does undoubtedly 
occur. In favour of such a view, wliich needs mucli farther 
investigation, we may perhaps quote the observation ui' v. Kries 
that the highest frequency of motor impulses occurs, iioL with ilie 
development of the greatest power, but with the greatest mobility. 
“ The most pronounced efforts were produced with low stimulation- 
frequency (10-12 per sec.).” If these last experiiiieiits militate 
against the theory that there is a constant invariable “ intrinsic 
rhythm ” of the central nervous system, this is no less tlio case 
in V. Limbeck's observations on the number of oscillations yielded 
by a muscle on artificial excitation of the brain or spinal cord by 
induction currents of alternating frequency (oO). Both in warm- 
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blooded animals (dog, rabbit) and in those that are cold-blooded, 
the number of stimuli acting upon the central oi-gan in a unit of 
time may be varied within wide limits without interrupting the 



Fjg. (13.— Tolttiius curve of Kabbit with direct excitation of spinal cord. Tlie stiinuliition-frequeiicy 
varies between 10 and 34 jier H(ic. (v. Limbeck.) 

uniform rhythmical oscillations (longitudinal or lateral variations) 
of the excited muscle. This is very evident in the accompanying 
curve (Fig. 63) — obtained by direct stimulation of the spinal 
cord of rabbit — which shows most plainly how the numlier of 
muscular contractions per second increases with the number of 
stimuli sent into the central organ. 

The stimulation -frequency varied in this case between 10 
and 34, with prolonged tension of the spring of a NefFs hammer 
in the induction apparatus, the correspondence in number of 
the single contractions (oscillations) of tlie muscle being so 
exact that at the begimiing even the make and break eflects are 
visible in the curve, as shown by the greater and lesser indenta- 
tions. Tlie same results appeared from other experiments, in 



* ■■■■*■ *- ^ A . I 

Fu;. 04.— Muscular oscillations in sti-ycliiila teiaiiuH (Frog), a, Coinmou cement ; h, end of the 
ciu’ve. (v. Limbeck.) 

which a persistent reflex contraction of the muscle was obtained 
(central excitation of sciatic nerve of opposite side). V. Limbeck 
failed to discover oscillations in the myogram at stimulation- 
freipiencies employed by Kronecker and Stanley Hall (43 per 
sec.), as well as Horsley and Schafer; the curves were almost 



CHANGE OF FORM IN MUSCLE DURING ACTIVITY 


143 


unbroken. On the other hand, l)oth in frog and rabbit very 
obvious oscillations (though of strikingly different rliythiu) were 
produced by strychnia spasms. Fig. 04 shows tliat tliey vary 
in the frog from 2 to M per sec.; Fig. 65 from 10 to 19 in the 



Fm. 65.— .St.ryclniia tetanus of Rabbit, (v. Jaiiibeck.) 

rabbit. Towards the end of the spasm the oscillations became 
gradually less frequent, and are often grouped together (Fig. Co). 
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VIII. — Conductivity of Muscle 

A remarkable antithesis may in general be observed with regard 
to the property of transmitting localised excitation, between the 
relatively undifferentiated plasma of the Ih-otozoa, characterised 
by flowing (amceboid) movements, and the contractile fiJynls dif- 
ferentiated from the same. In tlie former, localised and strictly 
limited excitation usually produces local cfiects only, in the most 
favourable instances distributed merely over the immediate 
vicinity, whereas in tlie difierentiated, fibrillar parts, conduction 
is nearly always highly deyelqjied. ^ In the majority of cases it 
has not been accurately determined whether the excitatory move- 
ments due to cell-conductivity ” in certain plants result from 
the transmission from cell to cell of the exdtw^i stim^idus 
(extemsion, tmctioii) in consequence of alterations of turgor — 
comparable with its transmission in Carchesium colonies where 
the individual polyps are not in protoplasmic continuity — or of 
the actual exe'datonj process (alterations of the plasma). 

In the latter case {e.g. excitable tissue of Mimosa) this would 
mean an extraordinary rapidity of conduction for undifferentiated 
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plasma, the more so since the mobility of the plasma in vegetable 
cells is on the whole but little developed, and stands at mimh the 
same level as that of the free-swimming Amoeba. 

he deiMnflt^^ that conductivity increases 
aud sensibility to extei^^^^^ 

stimul i — a fact of which we have unmistakable evidence in 
Protozoa, on comparing the sluggish Khizopods with the Jiighh' 
mobile Flagellates and Ciliata. In most Infusoria there is, oii 
excitation, a specific conduction in minute motor organs (cilia, 
flagellm), which must be regarded as a fibrillar differentiation; 
although in these cases the body-plasma itself seems to be the 
conductor througli which excitation is transmitted with extra- 
ordinary rapidity. 

The cihary movements in localised excitation of Ciliata belong 
to this category. If, e,g,y Paranueciuin aurelia encounters aii}^ 
obstacle in swimming, the cilia of the body collectively make a 
stroke almost simultaneously in the direction opposed to the 
normal, thus jerking the animal backwards, after whicli the original 
movement begins again. A similar effect on tlie cilia, without 
simultaneous co-operation of the myoideum, may also sometimes 
be observed in this protozoan. 

The contraction of the myoideum itself, the simplest muscle- 
element known to us, takes place as a rule so rapidly, that analysis 
of its time-relations in localised excitation is impossible. “If, 
e.g., a Spirostomum, which owing to its extended form is the best 
adapted to this kind of experiment, is locally stimulated at oni*. 
end only, contraction of the whole body will ensue, witlioiit any 
perceptible difference in time between the contraction of tlui 
anterior and posterior ends.” “Hence it may be concluded that 
conductivity of excitation within the myoideum is excessively 
rapid ; the effects of excitation follow immediately on the weakest 
stimuli without any perceptible latent period, while hi the relatively 
undifferentiated rhizopod plasma there is almost iiivarialdy a pro- 
nounced time of latent excitation between stimulus and visible 
effects of stimulation ” (Verworn). In both cases the myoideum 
reacts precisely like the most highly differentiated strutted muscles, 
in which, however, notwithstanding the rapidity of transmission, 
the wave of contraction can be exactly measured. We arii 
indebted to Aeby (1) for the first exi^erunents in this direc- 
tion ; he used the graphic method to determine the course of the 

L 



1 46 ELECTRO-PHYSIOLOGY ohm*. 

contraction wave in two difierent points of the muscle (frog s 
gracilis). In the case of a muscle with parallel fibres, locally 
excited at one end only, the obvious consequences will be a con- 
tmction (expansion) of the part excited, which travels at great 



Fio. 66.— Velocity of contraction wave in muBcle. The magnitude of interval between the two 
carves (of expansion) is the measure. (Marey.) 


speed from the seat of excitation along the entire length of the 
muscle. Two given points in the continuity of the muscle will 
contract at different times, one after the other, and thus by means 
of two levers, each of which rises with the expansion of a given 
section of the muscle, the curve of expansion in both sections can 
be recorded upon a suitable myograph (Fig. 70). From the 
magnitude of the interval between the two curves standing upon 
the same abscissa, it is easy to calculate the rapidity at which the 
wave of contraction is transmitted (Fig. 66). 

Similar results to those of Aeby 
were obtained by v. Bezold, 1861 
(2), but with quite a difierent method. 
He fixed a muscle witli parallel fibres 
lightly between two corks at its 
centre, so that direct transmission of 
changes in form was prevented, but 
not the propagfition of the excitatory 
process ; the lower part only (Fig. 67) 
recorded its contraction, and thus 
the time elapsing between an ex- 
citation at the upper end, and the beginning of the twitch at 
the lower, was determined ; this would obviously correspond with 
the rapidity of transmission from the excited point to the first 
section beyond the clamp. The experiments of Aeby and v. 
Bezold gave the rapidity of transmission in striated frog’s muscle 



Fkj. 07 .— llttto of traiiHiiiissJoii <)f excita- 
tion in miiHcle. (v. Bezold’n }netliCKl.) 
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as about 1 m. per sec. (1-2-1-6 ni.), but later investigations 
found a much higher velocity. Ilernstem, e.y. (3), gives a velocity 
of 3-2 -4-4 ms., on mejisuring the latent period of the cur\4 
of expansion in a given section of the inu,scle (gracilis and 
semimembranosus group in frog) when excitation was applied 
directly to the spot recording itself, and subsetpiently at as great 
a distance from it as possible. The experiment was arranged as 
in Fig. 68. It will be seen to consist in a modification of Aeby’s 



Fig. 68. — Kate of transinissioii of excitation in iiiusclo. (Hi'nistein’s iiiel.ho<l.) 


method, in whicli, however, it is not so much the velocity oF trans- 
mission of the controA^timi wave, as the underlyiuj^ eimtaiwn, that 
is measured, its value being taken as identical witli tlie fonner. 

As the gracilis and semimembranosus muscles used by Aeljy 
and Bernstein are characterised by a very obli(iue tendinous 
intersection, so that each muscle consists as it were of two com- 
pletely separate portions, in whicli excitation remains isolated 
imder all conditions, it seemed advisable to repeat the ex[x;ri- 
ments with more suitable preparations. Hermann (4) accord- 
employed the two sartorius muscles of a curarised frog 
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laid clasely together, and determined the rapidity of transmission 
to be from 2 to 7 ms. Prom this experiment of Bernstein, the 
dnmtim and length of an entire wave of contraction are easy to 
determine. If a muscle of sufficient length could be procured, we 
should be able, on exciting one end of the muscle, to follow the 
progress of the contraction wave with the unaided eye. This is 
prevented by tlie shortness of the muscle preparations practicable ; 
but on the hypothesis that a muscle consists of physiologically 
homogeneous fibres, we have in the curve of expansion of any 
section an approximately correct pictime of the process and dura- 
tion of the wave of contraction, or more correctly of the altera- 
tion in condition of the muscular elements, while the wave of 
contraction is sweeping over them. The duration of the curve 
described therefore coincides with the vibration period of the 
wave of contraction. The rapidity of this wave being known, its 
length also may be calculated. When the wave lo (Fig. 09) is at 



the point represented in the diagram, it lias already passed the 
point of excitation p; while at p, however, it has been trans- 
mitted as far os 1. If its duration be termed (Z>), its length (Z), 
and the rapidity of transmission ( K), Z = VB. According to 
Bernstein's experiments, the value of (Z) is between 198 and 
380 mm. 

In contractile substances whose conductivity of excitation has 
been little developed, as, e.g.y in Ehizopoda {Difflugia), it is at once 
evident on exciting locally that the resulting changes are most 
pronounced in the immediate neighbourhood of the point of 
excitation, and become weaker in proportion as they spread by 
conduction (Verworn, 5). On touching a pseudopodiuiu of Difflugia 
gently with the point of a needle, the manifestations of excitation 
(wrinkling, and extrusion of substance) are strictly localised. If the ■ 
stimulus is strengthened, “ the phenomena extend over the entire 
pseudopod, and are much more rapid and vigorous after repeated 
excitation so that the greater part of tlie pseudopod, and eventually 
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the whole of it, is retracted. Tlie more distant pseudopodia, how- 
ever, still remain unaffected, or retract only a very little, and that 
gradually.’’ Finally, with very strong stimulation, the process of 
contraction may extend to all the pseudopodia, till the whole 
mass is \vitlidrawn. The stimulated pseudopod is drawn back 
most quickly, almost instantaneously, while the others follow 
more slowly in proportion with their distance.” 

It follows that stronger stimuli not only produce a quicker 
reaction than weak stimuli, but that the effects are more widely 
diffused, i,e. the effect diminishes with distance from tlie point of 
excitation. 

Although it is a probable tliat the same is true of 

conduction of every excitatory process in all living substance, 
its direct proof is very difficult wherever excitability and 
conductivity are highly developed, since the difference, owing 
to the inconsiderable length of the tracts available, musu be 
minimal. This notwithstanding, Bernstein succeeded in demon- 
strating that the wave of contmction in striated frog’s muscle 
undergoes a perceptible diminution (a “decrement”) during its 
course, whence it follows that the cjr^Mnmm-citrve of a dim^iljj 
excited point of the muscle is invariably higher than that 
of a more distant point excited witli tlie same stimulus. It 
must, however, be remembered that these experiments relate to 
excised muscles, in which nutrition is no longer normal, so 
that, as du Bois-Reymond pomted out, the decrement observed 
might well be a manifestation of the dying muscle. And, indeed, 
we shall see from certain galvanometric effects in uninjured 
muscle, to be discussed below, that a decrease in the excitation 
wave preceding the wave of contraction is not perceptible. 

In view of the significant differences in velocity of the 
contraction process in striated muscles of different animals, and 
even in different muscles of the same species, it is not surprising 
that similar differences should exist in regard to coiulurMvityy — the 
muscular twitch being in general only the expression of a contrac- 
tion spreading itself from the point of excitation over the entire 
muscle. Accordmgly the rapidity witli which excitation, or con- 
traction, is transmitted varies in the same instances and the same 
sense as the curve of the twitch, so that its rapidity may be said to 
vary directly with the magnitude of the latter. Accorchng to Her- 
mann and Aeby the velocity in the tortoise averages O’o— 1 8 in. ; 
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and since this refers to the rapidly-moving M. retractor of the 
neck, the other muscles of the same animal must yield a still 
lower value. Bernstein and Steiner (6) found, as we should 
expect, that the rate of conductivity in wann- blooded muscles 
(sterno- mastoid of dog) was considerably gi*eater than in cold- 
blooded animals (3~6 m.), and certain experiments of Hermann 
{infra) estimate it for living human muscle at between TO and 
13 m. per see. 

We are indebted to liollett (7) for exi)eriments on the rapidity 
of transmission of contraction in the red and pale muscles of 
rabbit, whieii notably present wide differences in regard to the 



Fio. 70.— DHtwriiiinatioii of velocity oi uiusculur excitiitioii by tlie plnce myographif/ue. (Marey.) 

time -relations of their twitches. After freeing the pale semi- 
membranosus and the red cruralis, he placed a strip 30-40 mm. 
long between the forceps of a Marey’s myorjrapkiquc (Fig. 70). 
These were connected with a Marey's registering tympanum, by 
means of which the curves of expansion were recorded on a rotat- 
ing cylinder, which also showed a tuning-fork tracing of TOO 
vibrations per sec. A make induction shock served as 
stimulus. The animals experimented on were curarised. The 
curve of expansion, corresponding with the excitation point, is 
again steeper and less extended than the transmitted wave, so 
that in estimating the time differences between the curves 
tlie interval at which they commence is the only datum. The 
physiological deviations of the pale (quick) and red (sluggish) 
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muscles are also exhibited here in regard to duration of 
expansion, wliich is greater at the excitation point of the 
cruralis than in semimembranosus. Tlie rate of transmission per 
second in the latter is 5417-11,364 mm., in the fonner 3000 
34,000 mm. The value of the red (sluggish) rabbit muscle 
therefore tallies with the rate of transmission (3500 mm. ])er 
sec.) detennined by Bernstein and Steiner for the nictitating 
muscle of the dog. And if comparative observations on the velo- 
city at which excitation is transmitted in the striated muscles oi’ 
different animals thus establish a close ratio between the dying- 
out of the contraction-process at any point and the rapidity of its 
conduction, the same appears no less clearly from the fact that in 
a muscle preparation, where the length of twitch is altered 
experimentally in a or mimis sense, the rate of conductivity 
is equally affected by the same data, ejj. in particular, fatigue 
(death), and alterations of temperature. 

As in warm-blooded, striated muscles the length of twitch 
and general excitability diminish more rapidly after any injur}' 
than in those that are cold-blooded, so with conductivity — only in 
a nmcii more pronounced degree ; for it is always tliis propei:t}' 
vdiich is the first to suffer, and even to disappear, at a time when 
local excitalbhity can still be easily deiiioiistrated. The further 
Investigation of these manifestations of decline in warm-blooded 
muscles presents many points of interest. Since the rate of con- 
ductivity diminishes constantly, and more rapidly than (jxcitation, 
we seem to have at hand a simple means of following the wnv(‘ 
of contraction with the unaided eye without artificial assistance. 
Schiff (8) was the first to demonstrate .that local mechanical 
excitation, applied shortly after the death of the animal to an 
e xposed muscle, produces a swelling which remains statiomuy, 
while two waves of contraction spread almost at the same moment 
on eitUeFSde to both ends of the muscle. “ While the contraction 
is proceeding, the parts adjacent to the now pronounced swelling 
relax. If f he wave of_ con tracUon . has . reached the^ end of the* 
muscle, it turns back t oward s its starting-point. But in tlie mean- 
time ^ ne w wave has started from the point of excitation in both 
d irections, which encounters the refiected wave and crosses it, and 
this interference repeats itself frequently, l^cause each wave after 
^sing'^fun s on uhdistur bedjtjirev^^ 

Abes out.^’ As the muscle becomes niqrci and inoi’c morilnuid, 
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loses its conductivity in proportion, the play of waves finally ceases 
altogether, although the persistent contraction still remains at the 
point of excitation, and was by Schiff regarded as the specific 
manifestation of muscular excitability, and opposed as the neuro- 
muscular ” twitcli to the “ idio-muscular ” contraction. This local 
swelling appears most jDlainly on mechanically excitating (by a 
blow, or stroking with a blunt-pointed instrument) the moribund 
muscle of a dead animal, which no longer twitches with electrical 
stimulation. “ The swelling appears slowly, and is delayed in 
proportion with the exhaustion of the muscle and length of time 
elapsed since the death of the animal.” When the swelling has 
reached its maximum it maintains it for a longer or shorter time, 
perhaps several minutes, and then diminishes again comparatively 
slowly. In this way, especially when stroking at right angles to 
the direction of the fibres, it is possible to write and. draw with a 
hard object on the upper surface of a suitable muscle. 

Distinct idio-muscular swellings can seldom be provoked in 
Iresh frog’s muscle. The sartorius from a half-dried leg works 
better according to Hermann (9). “ If sucli a muscle is stretched 

out on cork at a certain stage, every contact of a needle, especially 
with gentle cross-pressure, will produce a local swelling, which 
persists for some time. The same reaction is even better shown 
on cooled frog’s muscle, in which both mechanical and electrical 
excitation produce a long -sustained contraction at the point 
stimulated. Tlie contractile, palatine organs (containing striated 
muscle -fibres) of certain fishes (c}"prinoid8, tench) also exhibit 
well-marked, idio-muscular swellings. 

These observations of Schiff, which may be compared with the 
older experiments of Deunet Dowler (Hermann’s Hwndh, i. 1, p. 
45, note) on the muscles of the human subject immediately after 
death, were subsequently confirmed, and extended in several 
directions, though the original interpretation of Schiff — to which 
Ktihne iilso subscribed later — to the effect that the phenomena 
were merely the consequences of diminished excitability in the 
muscle, appeared somewhat dubious. Tlie observations mainly 
refer to the appearance of the “ idio-muscular ” swelling, and ^he 
slowly- transmitted wave of contraction that proceeds from_it m 
the muscles of the living human subject. After E. H.J^ber, 
Ed. "Weber, and Funke had exhibited upon themselves, by ..hittiag 
the biceps or gastrocnemius with a blunt surface, idio-muscular 
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swellings which exactly resembled those on the mu^les of tlie 
decapitated subject (a mode of demonstmtion^ to which Klihne 
gubsequ ently referred as “ farai^^^^^ to every L. Aiier- 

bach followed up these eflects more thorouglily, and communicated 
Ms observations in an essay, “Ueber topische Muskelreizuiig,” 
published in the Jahresbei'icUen d. Schlcssischm Gcsellschaft, 
1861 {NaL JViss., Med, Ahthcilg,, Heft 3). He produced loctil 
excitation by blows with a percussion hammer, and reported that 
very generally in man, and in many muscles of the body, an 
almost conical lump rises up on the spot thus percussed, lasting 
as a rule 3—5 secs, with comparatively no alteration, and then 
sinking slowly down again at the same point of the muscle. He 
refers some minor — apparently local — changes of the lump to the 
collective shortening of the muscle-bundle fi'om the mechanical 
excitation. In many “rare” cases (Auerbach quotes four such 
individuals) there is, moreoA^er, an undulatory manifesbitior, but 
he was only able to induce it in pectoralis major and the inner 
half of biceps by smart taps on a spot overlying the bone. This 
wave-like appearance consists of a low crest rising up on cither 
side of the idio-muscular swelling, which gradually spreads like a 
wave on the surface of smooth water, at very moderate velocity, 
towards the two ends of the muscle. He never observed a 1 )ack- 
wai’d motion of these waves in the human subject. On the 
other hand, it was veiy conspicuous in the rabbit, wliere he was 
able to provoke Schiff's play of waA'^es on inost muscles by gentle 
mechanical stimulation, e.g, tapping, or stroking vertically Avitli a 
blunt object. According to A. Pick, the most favourable muscles 
are the ventral section of pectoralis major, and the stemo-mastoid. 
On stroking these muscles vigorously Avith the handle of a scalpel 
across the direction of the fibres, a linear swelling aj)pears at the 
excited point, after a brief twitch of the muscle-bundle, while a flat, 
slowly- transmitted wave spreads towards the intersection of the 
muscle in one or both directions from the seat of excitation. After 
<leath this undulatory contmetion always disappears before the 
idio-muscular swelling, which can still be provoked several hours 
later. Sometimes the swelling seems to bifur6atf* l>y the formation 
of a hollow at the point excited, while a Avave spreads out on 
both sides towards either end of the muscle, and may eventually 
be reflected back again. The same lias been observed in the 
living human subject by Baierlacher (12). Both these experi- 
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ments, and those of Erb (13) on highly- excitable convalescents 
after severe illnesses {e,g. phthisical subjects and others, in whom 
a tap on certain skeletal muscles produces a definite swelling, 
whence little waves of contraction extend to both ends of the 
muscle-fibres), go to prove that these manifestations are due not 
so much to depressed excitability of the muscle as to normal 
effects of excitation, which Auerbach regards as the direct ex- 
pression of excessive excitability. Analogous observations of 
Chwostek (14) and Pick {l.c.) on patients (mostly lean, badly- 
nourished individuals) seem to indicate that the idio-muscular 
swelling may be regularly provoked in man, if not in all muscles 
or by every mechanical stimulus. Biceps brachii and the flexor 
group of the fore-arm seem particularly suited for the purpose. 
A firni support is, as nniy be suj)posed, conducive to the appear- 
ance of an effect of excitation, and the advantages of it are seen 
in exciting an appropriate muscle of any animal with uniform 
excitation before and after supporting it firmly. It is possible 
that the formation of the swelling in, e.g., the lower lind)8 of very 
wasted subjects only, much more rarely on normal, healthy 
individuals, — may depend less upon a definite excitatory state 
of the muscle than upon the fact that such muscles are 
more favourable to the action of a mechanical stimulus. It 
is noticjeable that under all conditions when the undulatorj- 
contraction appears along with the idio-muscular swelling, the 
muscle is still capable of twitching, so that tlw name filwes 
could traimniit rctjnd, as well as slow, wa'ocs of contracMon. The 
same is exhibited, as Kiihne showed {Ic. p. 618), in perfectly 
fresh frog’s muscle. Indeed, the manifestation is much more 
regular there than in tlie muscles of warm-blooded animals. If 
the sartorius is hung up by one end, and a cross-section made at 
tlie other with scissors, at the same time somewhat stretching the 
muscle, ‘'so that the play of waves is not lost in retrograde 
twitches, the little waves will be seen in transmitted light, in 
wliich the muscle exhibits beautiful colours, apparently rising in 
the tmnsparent mass, and subsiding again, so that there is a 
lively alternation of play of colour in the shimmering muscle.” 

Hermann (9, p. 604) made similar obser^^ations on the freshly- 
prepared sartorius, fixed to a cork-plate, and mechanically excited 
at any point by sticking in a needle, or pressing down a fine 
wooden chisel. From this point a minute wave or ripple usually 
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spreads over the fibres in botli directions from tlie point excited, 
lasting as a rule a little longer than the excitation, ruder 
these conditions there can bo. no question of referring the 
phenomenon to diminished muscular excitability. It appears 
indeed from Milrad’s (15) experiments upon muscles of whicJi 
the excitability had been raised or depressed by different chemical 
substances (veratrin, chloroform, caffein) that the 

appearance of the idio-muscular swelling is favoured by diminution 
of excitability, and delayed by its augmentation, provided the 
difference between the normal and the poisoned, or fatigued, muscle 
is insignificant, and does not often exceed the error of observa- 
tion, but that the slow undulatory contractions are only apparent 
with normal or increased excitability. Both Schiff and Auerbach 
state that the play of waves on stroking with a blunt needle 
appears only in the muscles of freshly-caught frogs, and Milrad 
says that this form of contraction may nearly always be produced 
if excitability is artificially heightened, or abolished if it is lowered. 
Sinc e both th e idio-muscular sweBing ajid. _the >yay^^ may 

Ijg^ ob served in curarised animals, the}' are obviously the con- 
sequence of direct muscular excitation, although on inany sides 
t^ theory has been put forward (chiefly on the ground of tohill}* 
inadequate experiments, 16) that the motor nerve-endings take 
part in the muscle i)henomenon under discussion. 

Although mechanical stimuli are undoubtedly the most favour- 
able to the production of the idio-muscular swelling, the applica- 
tion of other stimuli is by no means excluded. Auerbacli, e/j. (U\ 
p. 342), found that with local application of ‘‘ wtiak” faradisation 
currents a lump was raised at either ])ole, wliile with stronger 
currents there was a marked swelling over the whole intra- 
polar area, as was afterwards confirmed by Milrad (l.r. p. 260). 
And further, we must regard the persistent closure, contraction 
{infra) which appears at the kathode on sending in a constant 
current of sufficient strength in both striated and smooth muscle, 
as an idio-muscular swelling, while the wave of striated muscle 
(Hermann's galvanic wave), that may be seen to ])roceed irom 
the anode under similar conditions, seems to be directly com- 
parable with the wave-action on mechanical excitation. 

As EoUett (7, p. 201 ff) correctly x^ointed out, the muscles of 
insects must have an esj)ecial significance re iuterx)retation of 
relations between the contraction wave and the manifestations 
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which appear in different forms of muscular contraction. 
Bowman first made observations on these muscles, and his 
results tally exactly with the preceding. Here we find an nn- 
dulato'ry contraction in the individual, living or surviving, 
muscle-fihres, which may be directly observed with the micro- 
scope, and thus (as also from the excessive slowness of the 
process) exhibit minutiae that must always escape us in the 
entire muscle, where we have numerous fibres in very diflerent 
physiological conditions. It is further possible to fix such short 
contractions during their course, by treatment with proper 
methods of hardening, so that the finest details of the changes 
which accompany the process of contraction in the muscle-fibres 
become visible. Even during life two processes of movement 
may be observed in the striated muscles of many insects, those 
which — corresponding with the twitch of vertebrate muscles — con- 
sist in the rapid, instantaneous contraction of the muscle-bundle 
in ioto, and, on the other hand, knots or short waves spreading 
slowly over tlie fibres, which often arise periodically or rhythmic- 
ally with no demonstrable external stimulus. Here again it is 
important to note that, as Wagener (17) pointed out with regard 
to the larva of Corethra, the fibres in which this wave-action is 
apparent were perfectly capable of producing total contractions 
(twitches). He repeatedly saw both forms of movement alterna- 
ting in the same fibre, to wliich, however, it must be added that 
the wave -action does not appear in perfectly vigorous animals. 
Laulanid (18), who investigated Corethra-larvfe in every possible 
stage of dying, also makes a sharp distinction between the muscular 
movements of the vigorous animal and those of the surviving 
muscles of the dying animal. He regards the former (“ secousses, 
contractions totales et simultan(5es ”) as the expression of noi*mal 
muscular activity ; the latter (“ ondes musculaires ”) as the exjDres- 
sion of intrinsic activity in the surviving muscles. Eollett (19) 
subsequently analysed both phenomena more exactly. He 
described the undulations of the muscles of dying Corethra-larvye 
as follows : " The waves, at first few in nmnber, in single fibres 
of the muscle visible only under the microscope, gradually appear 
in more and more of the fibres, and then repeat themselves in 
the same fibres at ever-shorter periods, so that a lively undulation 
ensues, which only dies away after a long time, as it came. The 
waves in the single fibres repeat tliemselves only at longer periods, 
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the number of fibres in which waves occur grows less and less, 
and after a time there are only a few, in which they spread 
at longer and longer intervals, until finally tliey appear in single 
fibres at very remote periods.” 

Since, as Eollett also affirms, the first, slowly - spreading 
waves appear in fibres that are still capable of total contractions 
(twitches), it cannot be doubted that the short waves also must 
be regarded as “peculiarly distributed processes of movement 
in normally active muscular substance, produced by specifici 
excitation.” These waves in the muscles of dying Co]’etln*a- 
larvaj, present the greatest similarity with the movements of 
freshly-excised insect muBcles, as frequently observed since the 
researches of Bowman (20). Eollett studied these in long, 
narrow strips of muscle from a great number of beetles, in which 
the undulatory movement often lasted for hours. It usually 
reaches its maximum development at the first moment, 'vbere 
the particles of muscle are quickly examined under the inicro- 
scope. Here, too, the waves appear as short knots rising and 
falling steeply, and spreading slowly in the fibres, and their 
length also is limited, including only from about 12 to 24 striic. 
This limitation continues when the undulatory motion becomes 
less energetic, which happens again in this case, because the 
waves appear in fewer and fewer fibres at longer intervals, and 
filially only at prolonged periods in single fibres. If freshly -excised 
beetle muscle is covered quickly and examined under the micro- 
scope, a lively undulation is seen to be spreading over the fibre, 
but we are, as Eollett says, quite ignorant as to the cause of the 
undulations. They spread along the fibres, coining and going 
always in the same direction. Yet this is not invariably the 
case. Sometimes a definite starting-point of the advancing wave 
occurs in the middle of the individual fibre. Tliis was demon- 
strated by Bowman, and later by Aeby, on the transjiareiit legs 
of certain small kinds of spiders. A swidling appears on the 
given point, which (cf. Aeby) appears to rest for a moment on 
the crest of its progress, and then suddenly divides in such a 
way that the most swollen part sinks rapidly liack to the original 
level, while the two halves separate and spread in oi)posite 
directions towards both ends of the fibre ; where such a spot has 
once been found, it is easy to see that it forms for some timcj 
a permanent starting - point for new, periodic undulations. 
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According to EoUett, it appears as though the short waves, in 
many cases, arise in or near a section, from which inferences 
may be made as to the significance of the muscle-current, or tlie 
chemical changes concomitant with the death of the muscle- 
substance, as a dischai'ging excitation. In individual cases the 
end-plate can undoubtedly constitute the point of departure for 
a wave of contrac*Xion, and this apj)arently applies to all the 
waves developed along one fibre. 

Eollett tried to determine the rate of transmission of these 
waves in sufficiently long strips of muscle cut out of the extensors 
and flexors of the hind pair of legs, in large beetles, using tlie 
same method which E. H. Weber employed to measure tlie 
rapidity of the capillar}^ circulation. The number of metronome 
beats was counted for the interval between the coincidence of 
the maximum with a given fraction of the scale, at the beginning, 
and at the end, of an ocular micrometer. Values were thus 
obtained of 0-08“0‘()7 mm. (average, 0*169 mm.); the length 
of the waves varied between 0*08 and 0*116 mm. Thus there 
are true “miniature waves,” which propagate themselves at 
such a low rate, that even the slowest waves of contraction in 
striated, vertebrate muscle, varying according to Auerbach 
from 314 to 37 1 mm. per sec., have a considerable velocity 
in comparison. Unfortunately it has till now been found 
impossible to measure the rate of conductivity of the excitation 
which provokes the rapid twitch in insect muscles. But it 
is certain that it must be considerable in twitclies of short 
duration (0*01 12“0*527 secs., Eollett), even on Eollett’s 
assumption, that the longest waves (transmitted at greatest 
velocity) of insects arc far behind those of vertebrate muscle. 
Schift‘ and others, as we have seen, observed a reflection of the 
slow contraction wave in many striated, vertebrate muscles, when 
it reached the end of a fibre. A similar eflect seems seldom, if 
ever, to appear in insects; Eollett at least has failed to discover, 
either in the entire muscle of Corethra - larvje, or in excised 
beetle muscle, anything “that could be described as a reflected 
wave.” 

Both in the case (supra) in which the wave arises in the 
centre of a fibre, and spreads to both sides, and in that where no 
definite point of departure is to be discovered, it may be seen 
to disappear suddenly, midway, with no previous diminution. 
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Interference between two waves of contraction coming from 
opposite sides (the two terminal sections of a fibre) was only 
once observed by Eollett, when the two waves at fii-st united 
into one larger wave and then expired. 

The "fixed” waves of contraction, described above, are due 
(os appeal's probable from Eollett, 19) to a kind of summation; 
they may frequently be observed in the muscle-fibres of insects 
killed in alcohol and osmic acid. They are usually distinguished 
from the waves of living muscle by their greater length, which 
Engelmann explains on the supposition that they were fixed 
while their rapidity of transmission was still considerable. 

Kollett, however, assumes that "an entire series of short, 
consecutive, living waves were •partially fixed in succession, so that 
they do not represent any single process, but are the sum of 
fixed parts of contraction waves in time order. If any g;iven 
point of the muscle-fibre has for some time been the starting- 
point of short periodic waves, some of the (‘ontracted muscle 
sections will frequently, as Eollett says, remain fixed, while the 
adjacent muscle -sections on either side relax again. Thus a 
p&rsistent contraction is produced in a short segment of tlie 
muscle only, and from this the remaining waves spimd outwards. 
And it must be observed that each new wave that originates 
from the contracted section, itself gives rise to one similar section, 
while the rest relax again; in this way the area of fixed con- 
traction grows longer and longer, till at last tlie whole movement 
is blocked, or ceases with a wave that dies out against the relaxed 
end of the fibre.” Such fixed waves can rarely be demonstrated 
on the muscles of vertebrates, in which waves of contmetion may 
of course be seen, but not the lively, persistent, spontiineous 
undulation (Bounnan, /.c.; Nasse, 21). Jloyers expansion is very 
commonly the starting-point of undulation in insect muscle, and 
accordingly, the spot at which fixed waves of contraction are 
readily formed. Sometiinesj^ar^mi contraction is exhibited, the 
so-called lateral waves (ondes laterales) of fixed contraction. 
Eollett assigns this as a special characteristic ol most (Jliry- 
somelid (7, p. 216) muscle-fibres, while in other insect muscles 
lateral waves of contraction occur rarely {Tenchrionidai, Cur- 
cidionidce, and Scaraheeidee), The nerve-ending of the Chrysome- 
lides seems to present a special point of departure for a jdiysio- 
logical reaction which occurs with 1 % osmic acid, and alcohol, or 
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a process set up by these reagents, before they have had time to 
affect the muscle-substance itself, the proof being that the lateral 
contraction corresponding with the nerve -end plate appears 
immediately before the death of the fibres implicated. Generally 
speaking, all that has been said of the development of the “ fixed ” 
waves applies to the origin of the lateral waves also. 

Summi ng up the preceding observations, the main„.c(;ai-. 
^elusion is that the cross-striated muscle-fibres of vert ebrates, 
as well as of invertebrates, possess the faculty of conduct!^ 
long and short, rapidly and slowly transmitted, waves of 
contraction, which apparently depend upon differences of excita- 
tion only. With regard to the normal function of muscles as 
locomotor organs, the short waves can have but little, if any, signi- 
ficance. This only makes them theoretically the more interesting. 
Thfl enorinmis^dififemiicfisjui^rata^^ ren der i t at_^t 

sight questionable, whether we are really dealing in both cases 
with the same elements of the muscle-fibres, since no perceptible 
*3iHefences in velocity of conduction have experimentally been 
found to correspond with the differences of intensity within the 
range of excitation required to provoke a twitch; nor can the 
''quick” and "sluggish” muscle-fibres contribute to the^explanation, 
slrice the differences which they exhibit in rapidity of contraction 
and con^ctivity are quite Jnadequate to explain the disp arity. 
On the^ ot her hand, we turn almost involuntarily to Jhe J^ 
chief constituents of every muscle-fibre, sarcoplasm and fibrils. 
We know that ' in many instances the protoplasm (sarcoprasma) 
from which the twitching fibrils have been differentiated, is not 
wholly wanting in intrinsic contractility ; many ciliated Infusoria, 
e.g,, have the property through the myoideum, not only of twitch- 
ing, but also, by contraction of the body-plasma, of making sluggish 
movements, approximating to the amceboid type. The possibility 
that the formative plasma of the muscle-fibres in higher animals 
also may exhibit contractility can the less be doubted, since on 
many sides (Klihne) the fibrils are regarded as passive, elastic 
elements, whose main function is the elongation of the muscle. 
Even if this extreme view cannot be admitted to correspond with 
the facts, it is equally out of the question to disregard the possi- 
bility of contractility in the sarcoplasm. Granting this, however, 
it would appear from all analogies that the relations between 
excitability and conductivity in the two elementary constituents 
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of each muscle -fibre, present fundamental differences, in the 
sense that the fibrils conduct much more quickly (contract by 
“ twitches while the less excitable sarcoplasm, like almost all 
undifferentiated protoplasm, transmits the excitation - process 
slowly. On histolo g ical grounds it is indeed impossible not to 
regard the fibrils a s co-opera ^g generally in the slow ^^s 
of contracS onTISuF’it is noti ceable that the undulation Tn~ the 
muscle- fibres i s best ei^bited imder just those conditions^hich 
have be^ found experimentally to favour the excitation of 
^m3i2erenf^ted, contractile plasma. Mechanical excitation is 
particularly appropriate, so that, at least in vertebrate muscles, 
the intensity of excitation must be much greater than is required 
to provoke a twitch. The time-order of development in the 
different forms of contraction is also to be noticed, since it 
occasionally gives an opportunity of observing how the twitch 
that immediately succeeds, and almost coincides with, the stimulus, 
is followed by the idio-muscular swelling, from which again pro- 
ceed the slowly-spreading undulations. This agrees with the 
much greater latent period and slower development of contraction, 
in purely plasmatic parts. The question touched on here will 
only be decided wdien our knowledge of the functional relations 
between sarcoplasm and fibrils has advanced much further than 
at present. 

In the cases so far discussed we have been concerned exclu- 
gively with conduction of the excitatory process within siwjU, 
multinudear, longitudinal cells, such as those of striated, skeletal 
muscle-fibres. A wave of contraction either stops -half-way or 
^eads to the ml d^'oT'SE'e fibre, from which it can eventually 
be^,^ reflected more frequently expires there. Every 

tendinous intersection, however small, will entirely block the 
transmission of even the strongest c:jmitation, so that stimulation 
of a polymerous muscle at one end only results in contraction 
of the part directly implicated. 11^ is equally impossible for 
e^ijitatxon to be transmitted tranaycraely from one fibre to the 
ne^^.i^dj^ent;(^ and any seeming exceptions {e.g. in drying muscle) 
argjL ^we shall see, to be explained on other grounds. The 
conduction of excitation in muscular organs consisting of uni- 
nuclear mu^le-‘Cells is, on the other h^3^ fundamentally different. 
Co-ordinated action of a number of muscle-cells in consequence 
is obviously pps^^ ,.^^7 where the cxcita- 
M 
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tion is conveyed by nery^,j)^wher^it transmits itsel f from cel l 
J;o cell by direct propagation. Both alternatives seem actu ally to 
be preseni 

In the heart, Engelmann (22) was the first to investigate 
these relations, A. Fick (23) having previously made a short 
communication on the subject. If a resti ng frog’s 
s^axat^ed |ro^^ the auricle^ is_stiniu^^ giyen point, 

a general contraction (systole) of the hollow muscle follows, so 
that the excitation^ must Imve been distributed uniformly in 
all^ dii-ections from the point of stimulation by conductivity. 
Engelman n showed ^t the^ ventricle need not neces sarily be 
uninjured ; the experiment succeeds well if the ventricl e of a 
freshly-killed frog is divided by scissors into two or mo re pic cgg, 
connected only by a mmute^ bridge muscle-substanc^; s* 
time all ihe . pieces. jyin,_.aontraci^,uccessiY§]y when „a^^ of 
them is stimulated. It is quite indifferent at what point each 
bit is joined to the “others, the only essential is thar® 
b^ united by musmdar siibstance. The jixgeriment in^this form, 
th^erefore, Jndica.teS-“ that excitation can be transmitted in the ven- 
tricle from any point,^to any other poin t, by _any given point.'' 
The complete conductivity of the separate muscle bridges, which 
is disturbed at first, comes back gradually after a certain time has 
elapsed — perhaps an hour or longer. If a bit o f the ventricl e is 
left in conn ection , with the beating auricle, this bit^ when con- 
ductivity has been fully re-established, will contract first ^ter 
ea^ auricular systole, then the next,jind so on. The co^ 
is propagated, therefore, in a peristaltm direction from base^ to 
apex of the ventricle.. If the preparation is no longer beating 
spontaneously, the succession in wlikih the individual pieces 
contract will depend only on which piece was first excited, since 
the contraction proceeds from this successively to all the others ; 
no part is ever omitted. Since we are a priori forbidden on 
histological grounds, as weU as from the low velocity of excita- 
tion, to assume that each cell is united with its neighbours by 
nerve-fibres, the second view only is admissible, i.e. that excitation 
(contraction) proceeds directly from cell to cell in the same 
manner as within each single cell 

The time-relations of the process of contraction have already 
been described, in so far as concerns the “twitch” of cardiac 
muscle. It only remains to consider the rate of conductivity, 
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i,e, the rapidity with which the excitation is transmitted from 
section to section. Under normal conditions^ the velocity i^ 
great in the frogls heaxt^jbM^ excitajdon of 

s triated skeletal muscle, seem t o contract simultaneously. Tliis 
effect may persist in a fresh, vigorous liSrt, even when the 
ventricle lias been cut up into several pieces. As a rule, how- 
ever, the undulatory process of the contraction can then at once 
be recognised. It often seems as though conduction was slower 
in the bridges than in the larger pieces, for each of the latter 
seems to contract together, as a whole, while a perceptible time 
elapses between the contraction of two successive pieces. Engel- 
mann estimated the average rate of conductivity in strips of 
muscle 10-15 mm. long (snipped out of the ventricle) at about 
30 mm. per sec., or more usually 10-20 mm., measured by 
a metronome, giving beats at ^ secs. Although these values 
must be considerably below the normal, we may conclude from 
them that even in the most favourable cases the rate of conduct- 
ivity must be lower than it is when the excitation is transmitted 
by nerve. The rate o^ tiansmission is^^d^ to_a_striking 

degree by cooling^ tlie pre paration. Cooling from 17° to 50” C., 
^^^r^^sulRcient to reduce it from 20 to 8 mm. tJndeo 
conditions the excit ation is invariably transmitted from auricle 
to ventric le. Engelmann (22) has recently ascertained that 
muscular conduction is in this case the sole factor, by experi- 
ments on the ‘"suspended’" frog’s heart, arranged on the same 
principle as that employed by Hehnholtz to measure the rapidity 
with which the excitation of nerve is transmitted. Thci auricle to 
some extent represents the nerve, the ventricle tlie muscle ; tlie 
former was excited at different distances from the ventricle, and 
the latent period of the ventricular systole in each case was 
measured. If conduction was effected by nerve-filires, the short- 
ness of the strips employed would render any perceptible difference 
improbable, whereas with cell-conduction in the muscle it was 
to be expected. As a matter of fact, a very considerable retarda- 
tion was observed in the commencement of the ventricular 
systole, when the auricle was excited at a greater dishince. In 
a given case, in which, however, the rapidity was no longer 
perfectly normal, the delay amounted to 0*09 sec., corresponding 
to a rate of conductivity of 90 mm. per sec. But this, as 
Engelmann pointed out, is a value 300 times lower than the 
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rapidity of transmission in motor frog’s nez*ves under the same 
conditions. Hence it would appear as if muscular conduction 
from auricle to ventricle could be as certainly established as 
within the auricle and ventricle. However much the magnitude 
of the velocity of muscular excitation may depend on different 
states of the muscle (fatigue, temperature), it can be maintained 
imder some conditions notwithstanding considerable alterations 
in the muscle-substance. Thus it would appear that with partial 
turgescence of the frog’s sartorius, the tracts affected may com- 
pletely lose the power of contracting, without to any extent 
suffering in regard to electrical sensibihty, or conductivity 
(Biedermann, 24). The same applies, according to Engelmami 
(i.c.), to the muscle bridges of the auricle in the frog’s heart, 
wliich, ‘‘ after complete abolition of their contractility, are still 
able to transmit the motor stimulus to the ventricle, and that 
with the same rapidity as if the power of contracting was 
uninjured.” ^ 

It cannot be doubted that the same relations of conductivity 
of excitation described above for the frog’s heart, obtain in the 
cardiac muscle of higher vertebrates, and this is of the more 
consequence since there is in general, e,g, in mammals, a much 
less extensive contact of the separate, short, and broad muscle-cells, 
which really unite only by their blunt end-surfaces and short 
lateral branches. Similar relations exist, again, in the intestine of 
insects and myriapods, the walls of which contain anastomosing, 
striated (uninuclear) muscle -cells, which by contiaction set up 
the normal, peristaltic movements of tlie digestive tract. Engel- 
mann (25) considers the intestine of the fly to be the most 
suitable, object for combined anatomical and physiological investi- 
gation, more particularly the opening of the end of the intestine, 
from the mouth of the Malpighian tubules to the rectum. “ The 
muscular integument here consists essentially of a single layer of 
strong, striated circular fibres, enclosed witliin an unmistakable sar- 
colemma (invariably absent in cardiac muscle-cells), and separated 
by perceptible spaces from another.” Each fibre seems to be 
joined to its neighbours by one, or several, oblique or sometimes 

^ Kaiser {Zeitsch/r. /. Biolog^ie, 1894) has recently criticised the cogency of the 
evidence in these experiments, and refei-s the effects observed to cunent diffusion. 
This can only bo ascertained by further experiment, for wliich we have not yet had 
op}>ortuuity. 
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transverse branches, by means of which the contractile substance 
all along the end of the intestine is woven into a physiological 
continuity. If the last posterior segment of a fly is torn away 
with forceps, the end of the intestine will usually be left hanging 
from it, and if examined while fresh in 0*5 ^ NaCl solution, 
exhibits lively peristaltic movements : peristaltic waves run 
every few seconds at tolerably regular intervals from the moutli 
of the Malpighian tubes towards the rectum. The waves at first 
spread so quickly that it is impossible to detect the details of 
the process. But if the preparation is left for a quarter to lialf 
an hour, or pressed down with a tolerably heavy cover-glass, the 
contraction is transmitted more and more slowly, the waves follow 
at longer intervals, and may be clearly seen to spread themselves 
over the single fibres and connecting processes. “If, shortly 
after a wave of contraction has reached the lower end of the 
opening of the intestine, this end is mechanically stimulated with 
the point of a needle, an anti-peristaltic wave instantly rmis up 
the fibres of the muscle, to the opening of the Malpighian tubes, 
if not previously arrested by meeting a wave spreading from 
above downwards.” It is also noticeable that the conductivity 
of the contractile substance itself appears to be temporarily much 
depressed by the process of contraction. A wave starting after 
a long rest spreads with apparently uniform rapidity froin its 
point of departure. But if another wave had immediately pre- 
ceded it, the new excitation only produces a localised contraction, 
or at most a wave that quickly diminishes and dies out near its 
starting-point. 

The intestinal tract of some Fishes {Tencfh, is well 

known to contain a similar arrangement of struited muscle-fibres; 
whether there are analogous relations of conductivity also has not 
yet been determined (26). On the other hand, the conductivity 
of the contractile tissues of certain Medu8a3 {e,g. Aurelia^ has been 
thoroughly investigated, with results in complete accordance with 
those yielded by cardiac muscle (27). 

The multiform coinplcxcH of sMOoth fnusclc-celU exhil)it com- 
plete agreement with these mononuclear, striated muscle-cells, 
in regard to conductivity of excitation. Here, again, it is to 
Engelmann (28) that we owe the most important conclusions. 
The ureter of many mammals (rabbit, guinea-pig, rat, etc.) is 
peculiarly suited to exact investigations, as it oflers a delicate 
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muscular integument, about 1*3 mm. thick in the rabbit, which 
extends from the liilum of the kidney to the bladder, along the 
psoas muscle, with a surface of about 1 1 cm. The muscular 
sheet, which lies between the adventitia and the mucous membrane, 
consists of a thin, internal, longitudinal layer, and im external, and 
much thicker, circular layer. ■ Both are composed of smooth, non- 
membranous, mononuclear fibre-cells, about 0*2 mm. long, in 
which hardly any perceptible outline can be detected in the 
physiologically fresh condition. The muscularis, therefore, gives 
the impression, even under a high power, of an ahnost homogene- 
ous, transparent m^s. It is only in the moribund condition 
that fine striie — the optical expression of the ceU-borders — 
appear between the pale nuclei. Within the connective tissue 
of the adventitia there is a ramification of nerves, consisting for 
the most part of pale fibres (Engelmann’s ^^Gh^undplexiui''), in which 
there is a remarkable and complete absence of nerve-cells, Engel- 
mann states that the number of nerve-endings within the mus- 
cularis is much less than that of the smooth muscle-cells. This 
point, however, requires further investigation with the recently 
discovered methods, which would very probably reveal a great 
abimdance of nerves. 

As a rule the ureter that has been cautiously exposed 
exhibits spontaneous waves of contraction, spreading peristaltically 
at intervals (mostly from 10 to 20 secs.) from the kidney to the 
bladder. If a definite point is taken anywhere along the 
ureter, a weak, momentary dilatation may usually be seen 
at the segment implicated just before its constriction, after 
which it becomes thin, cylindrical, and much paler. At the 
same time the iireter moves perceptibly downwards (towards 
the bladder). The velocity with which the waves of contraction 
spread is so low that it can easily be determined. Iliis is 
effected either by counting the beats of a metronome set at 
or ^ sec., during the time at which the wave of contraction is 
transmitted from one point of the ureter to another (one being 
determined close to the kidney, the other at a more distant spot, 
by two operators), or they record with a Marey’s tambour the con- 
tractions of two points remote from one another upon the ureter. 
Witli a vigorous rabbit, at sufficiently high temperature, the 
velocity was 20-30 mm. per sec.; in the cat and rat it appeared 
somewdmt greater (Engelmann). 
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With artificial (mechanical) stimulation the contraction is 
transmitted from both sides of the point excited, while in regard 
to velocity no perceptible difference between the perisfriltic 
and anti-peristaltic waves can be determined. Tt is, however, 
remarkable that tlie contractioii only appears loith direct excita- 
tion of the musmlaris. “Neither by pressure of the mucous 
membrane, or adventitia with the nerve -plexus, nor of the 
greater nerve-trunks at the hilus and bladder, Ciin a contraction 
be. discharged anywhere in the ureter. Local excitation always 
produces localised contraction, spreading slowly on both sides. If 
the ureter is divided, crushed, or tied at any point of its length, a 
contraction will occur above or below the spot after every excita- 
tion, and is transmitted on both sides of the excited part, but 
never passes beyond the dead point. Since even short excised 
strips of the ureter react pcristaltically when excited, we cannot 
assume, in view of the structure, that ganglion-cells are respon- 
sible for the appearance of the peristalsis; the ureter ratlier 
reacts to mechanical excitation in every case “ as though it were 
a single, gigantic, hollow muscle-fibre.” We hav e already seen what 
an extraordinary infiuence temperature has upon ex citab ility and 
^conductm ty in the uret^^,^^^ ihe extraprdinarj yitality of 

mus cles that are deprived of normal nutrition. ^ 
contraction produce s a temporary depression of excitability an^ 
conductivity in the sheet of muscle, from which it only reavers 
during^tFe^ ubseq uent di^tole and interval (just as m the stdat^d 
muscle-ne ts of insect Jntestiue). Every diminution of conduct- 
ivity exp resses itsei? . by. the^gradud^ the wave 

oLccuitraatiqn,, winch, w^^ pr artificially excited, 

b§cqij\es_ weaker in proportion wi^^^ of its comse, apd 

final ly dies out even in inmaediate pinxijnity to the pointy 
excitation. Finally, instead of the^advanciug^ tliere is left 
"raly a protracted contraction in the part iinmediately ad^^ to 
the point ”oFexcitatlon^ analogue of the idiopnuscular con- 
JrSoS “in stnSt^^ rapidity with which movement 

Ts' transmitted"^ varies with the conductivity, as is clearly and 
easily shown by cooling and warming. Since every wave of 
contraction affects the tune-relations of the succeeding wave, it is 
a matter of course that if the spontaneous contractions succeed 
one another at irregular periods, those which are i)receded by a 
short pause are transmitted more slowly than those which follow 
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at a longer interval ; as is naturally still more easy to demonstrate 
with artificially excited waves of contraction. It is evident that 
immediately alter the passage of a wave of contraction, the con- 
ductivity is entirely abolished, and only recovers its original 
proportions a comparatively long time after. In the rabbit the 
first stage lasts for over a second under normal conditions, and 
with diminution of excitability may be prolonged to 5, 10, or 
15 secs. With normal conditions, normal conductivity is re- 
established, at most, 10 secs, after the passage of a contraction. 

The slowness of the entire process of excitation constitutes an 
easy and, we may say, direct means of determining the length of 
the contraction wave in the ureter, if the approxitaate duration 
of the contraction is multiplied by its velocity. If we reckon the 
first at about -J- sec., the other at 33 mm., the wave-length comes 
out at 1 cm., a value which is tolerably constant, since we find 
experimentally that the alterations in duration of contraction are, 
within a wide range, inversely proportional with the simultaneous 
alterations in the rate of conductivity. These results tally witli 
direct observation, since the length of the contraction wave can 
be immediately determined on the exposed ureter. 

On a ureter that is free from fat and somewhat hyperaemic, 
it is easily seen tliat with each contraction a strip of about 1 
cm. long becomes pale in toto, and progresses in undulations 
with the constriction. The pallor is generally most marked at 
the middle of the strip, the ureter sometimes appearing almost 
white ; the normal gray-pink colour then returns by degrees on 
either side. If anything may be concluded from this as to the 
magnitude of contraction in the single cross-sections, it would 
follow that shortening and relaxation of the muscle-substance of 
the ureter proceed with equal velocity (Engelmann). 

It will be seen from the above that a whole series of 
facts bearing on the relations and conduction of the contraction 
process may be immediately demonstrated on the part in question, 
while in striated muscle the finest artificial means have to be 
employed for their detection — a point which we shall have to 
insist on later. For the moment we need only refer to the 
weighty question as to the manner in which the conductivity 
of excitation (contraction) is effected in the organ — which is 
composed of innumerable individual cells united by cement - 
substance. 
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Seeing that mechanical ex citation of the muscular coat 
produces contrac tion^ when 

yyhic h proceeds from either side of the ej^tc^ spot_\vith a 
rapidity a thousand times less than the yelggity^ e:xpjjja?iQn 
niff yr^'ahd further, that peristaltic and antiU 
^ion of the moveinent are exhibited:, in_alf parts, o 
after excision, only one yiew^ as Engelmann. stated, is .admissible : 

propagation of, .the movement is 
!^e to the fact that citation is tTaiisuxitted dire^ly^ from cdl to 
th e mu sdev ntlw of ganglion-cells or ncrve-fhres. 

In other words : the iireter in its rvoi^mal state is physwlogimlly a 
single, hollow, organic mvscle-fihre. Eecent investigations into the 
anatomical conn ections of ^mooth musclcuell^ give consistent sup- 
port to t his view, inasmuch as they indicate continuity at least of 
the sarcoplasm , if not of the Abrils also. But the first is sufficient if, 
we can hardly doubt, the sarcoplasm can transmit excitation from 
fibril to fibril. Plasma bridges ” indeed become superfluous, since, 
as Engelmann correctly observes, there is nothing to prevent such 
close contact of the naked, sheathless, living fibre-cells, that they 
form a physiological continuity. This, however, admits that 
a molecular effect may propagate itself in the ureter in all 
directions from its point of origin. Similarly, of course, we may 
imagine the process of conductivity within the plexus of the 
striated muscle-cells. In these parts — consisting of smooth, or 
striated, uninuclear muscle -cells — we are dealing with an 
organisation of cells, each individual of which is similarly 
co-ordinated in function, like the other excibible cell-aggregates 
of plants and animals with which we are acquainted. Indeed, 
we are reminded almost involuntarily of the co-ordinated activity 
of ciliated ceUs, wliich can be shown experimentally to stand in 
close internal relations of conductivity, although the individual 
elements appear anatomically to be even more distinct tlian the 
cells of smooth muscle. Here, at all events, no protoplasmic 
bridges have been demonstrated, although they un(|uestionably 
exist in many smooth muscles, well as in excitable vege- 
table-tissues. It appears, however, that in all such cases of 
^^cell-conductivity” the transmission of excitation is much more 
liable to be disturbed, and Ls in a much liigher degree dependent 
upon external and internal conditicms, than within one and the 
same cell-body. Doubtless in the last resort this is the reason why 
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the peristaltic movements of smooth muscular organs, as we know 
from experiment, are so easily disturbed and affected by a variety 
of data. This applies in particular, e.g., to the movements of the 
intestine, which Eugelmann treats as analogous with the peristalsis 
of the ureter (29). Apart from the richly-developed plexuses of 
nerves and ganglia in the wall of the intestine, and its far more 
complex development of muscular layers, the structure of the two 
organs shows such a fundamental agreement that we are justified 
in assuming a 'priori that the conductivity of excitation and 
contingent peristalsis are derived in both cases from the same 
principle. In this connection we have especially weighty evidence 
in the fact that a wave of contraction starting frord any point in 
the continuity of the intestine is transmitted under favourable 
conditions to either side of tlie point of excihition, just as it is in 
the integument of the ureter, i.e. peristaltically and anti- 
peristaltically. This is not, indeed, the case invariably — nor, 
above all, in every animal. Thus in the frog’s intestine, even 
under the most favourable conditions of excitability (in 
summer with a high temperature), local excitation wiU scarcely 
ever produce anything more than localised constriction, or at 
most spreading over a few millimeteis. The reaction is much 
more easily provoked on the living, warm-blooded intestine, 
of cat or dog, which has the further advantage that on opening 
the abdomen the intestines are usually quiescent, which is not to 
the same degree the case with the rabbit. But even here the 
observations required are not nearly so certain as in the ureter. 
It would rather seem as though a certain condition of excitability 
in the intestine was essential to the success of the experiment. 
According to Engelmann this is best secured when the animal is 
killed by bleeding from the large cervical vessels. If the belly is 
opened soon after the last respiration, the intestines are either 
in the required state, or pass into it shortly after. If the 
muscular coat of a loop of the small intestine is then mechanically 
excited at any point (by pinching with forceps), Engelmann finds 
a vigorous contraction of the circular layer of fibres, which 
spreads outwards from the excited spot in a peristaltic and anti- 
peristaltic direction over the whole small intestine, at a low 
velocity of about 40 mm. per sec. Engelmann gets the same 
results with excitation of the large intestine. While at the first 
stimulus the contraction is pronounced throughout its entire 
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course, it exliibits later on an increasing diminution and retarda- 
tion of the wave, in proportion with the distance from the starting- 
point, until finally only a local constriction remains visible. 

The reaction of the intestine is thus in complete conformity 
with that of the ureter. As Engelmann has made analogous 
observations upon the stomach and intestine of rats, mice, 
pigeons (most elegant), the oesophagus, stomach, and intestine 
of frog, and uterus and vagina of pregnant rabbits, the conclusion 
may be accepted that in all cases in which peristaltic movements 
can be provoked, anti-peristaltic contraction is also at least possible. 
It must be admitted, on the other hand, that conductivity of 
excitation within the muscular coat of the intestine is frequently 
absent, when it might more reasonably be expected. Tliis occurs 
more particularly when the abdominal cavity is opened in wanii 
salt solution, when the intestine usually remains perfectly 
quiescent. If under these approavimatcly norrnal conditions 
any point is stimulated mechanically by gentle pressure, or 
ligature, only a local, circular constriction will appear (as 
stated by van Braam - Honckgeest (30) and confirmed by 
Nothnagel (31)), which is confined to the seat of excitation, and 
never spreads beyond it in a peristaltic or anti-peristaltic wave of 
progression. As there is no reason to suppose that conductivity 
is lower here than after bleeding the animal, from Engclmann's 
point of view no other assmnption is possible, but that the trans- 
mission of excitation is blocked by a kind of inhibition, possibly 
proceeding from the ganglionic plexus. And, experimentally, it 
is impossible to deny the co-operation of nervous impulses, 
whether of an inhibitory or motor nature, in intestinal peristalsis. 
The question then arises whether the normal movements, i.e. the 
propagation of a wave of contraction in one or the other direction, 
may not be produced, in each point of the area traversed, by a 
nervous impulse. It can, indeed, hardly be disputed that such 
impulses must play a very important part in the discharge of the 
contractions which usually follow in rapid succession. The extreme 
slowness of transmission, which may be followed with the eye, can, 
as already pointed out by Engelmann for the ureter, be urged 
against the first view. On the other hand, it affords no better ex- 
planation than Engelmann’s theory of the localisation of excitation 
effects in the perfectly normal intestine, or the sudden extinction of 
a wave of contraction, as, e.^., often observed by Nothnagel {Lc, p. 14). 
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Perhaps the soundest hypothesis is that propagation of a peri- 
staltic wave does under all circumstances dgj^nd ugg^m y^iH 
conductivity, but that the discharge of excitation, as also the 
inhibitory processes which niay"BecQme"eff&Sve at any ^ are 
governed % the^Svous'o^ wall of thejntestine. 

This view is in ulfcmiat(? aj^ement with the striking effects 
— observed by Nothnagel — in chemical excitation of the intestine 
with salts of sodium and potassium. Unfortunately it is not 
possible to test the hypothesis in question by putting the 
ganghon-plcxus functionally out of court with specific poisons ; 
but the effect of small doses of ether and chloroform might be 
investigated, since it may be supposed that the ganglion-plexus 
loses its excitability earlier than the intrinsic muscle-elements. 
The possible discharge of peristaltic and anti-peristaltic waves at 
a certain stage of death from haemorrhage may perhaps also 
depend on an earlier loss of vitality of the intestinal ganglia. 

In conclusion, it may be said that conductivity of excitation 
in smooth, muscular organs is rarely obvious and certain ; in the 
majority of cases it is wanting altogether. The formation of an 
“ idio-muscular ” swelling contraction at the seat of excitation, 
which only disappears very slowly, is the rule with localised 
excitation. 
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CHAPTEE III 


ELECTRICAL EXCITATION OF MUSCLE 

The electrical current undoubtedly ranks first among aU the 
artificial stimuli of irritable substances at our command. And 
this not merely on account of its easy application, and the pos- 
sibility of measuring its intensity by the finest gradations, but 
above aU in regard to the specific nature of its action. 

Whenever the electrical current has been referred to as an ex- 
citation in the preceding observations, it signified almost exclusively 
single, or rapidly repeated, induction shocks, the primary object 
being to produce a momentary stimulus, easily varied in strength, 
which should injure the excitable portions as little as possible. 
But, on the other hand, the more exact investigation of the mani- 
festations of excitation produced by the constant current in muscle 
is of great interest, and of the highest importance in estimating 
the mode of action of the electrical current. As regards the 
technique of the experiments, some preliminary observations on 
method are advisable. In all the earlier experiments on animal 
tissues in which the electrical current served as a means of excita- 
tion, the excitable parts were stretched over convenient metal 
electrodes, usually made of platinum, by means of which the 
current was led into them. The value of this method was, how- 
ever, much diminished by the polarisation current invariably 
associated with it, so that it became a sins qud non under aU 
conditions, to employlnumpoTan^blp electrodes whenever constant 
currents were made use of— still more so with strong currents and 
grofonged cTosure. " Ever since du Bois-Eeymond enlarged The 
technique of electro-physiology by the invention of his unpolaris- 
able combination of amalgamated zinc and zinc sulphate, in order 
to lead off currents of animal electricity, these electrodes have 
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found the widest application in excitation experiments, several 
different forms having been adopted. When it is required to 
lead a current into a striated muscle, the shifting of the contract- 
ing muscle under the electrodes in contact with it is a ready 
source of fallacy, which can only be avoided where the electrodes 
are fixed to the muscle, or bones into which it is inserted, so 
as to follow every movement. Hexing was the first to construct 
non-polarisable, shifting electrodes for the frog’s sartorius, whicli, 
from its regular structure of parallel fibres, is singularly 
appropriate. to such experiments, and is easily prepared without 
disturbing its natural relations with the bones of the leg and pelvis : 



Fro. 71.-' Apparatus for invostigatingtlMt polar effects of tlio electrical current in iniisclu 
(double myograph). A uon-polarisablo movable electrode. (Horing.) 

these electrodes serve for a variety of purposes (1). ‘‘A 5*5 cm. 

glass tube (Fig. 71) is provided at the upper end with a split 
brass holder, carrying two diametrically opposite points, which fit 
into the holes of a pivot, so that the vertically dependent tube may 
easily turn on the points, and oscillate from them. The pivot is 
fixed to a brass ring (m), which can be moved along a liorizontal 
rod (g') of bone or ebonite. A short ebonite cylinder (A) is pushed 
over the lower end of the glass tube, the opening of which is the 
continuation of the bore of the tube, and is transversely pierced 
in such a way that a slender bone like the tibia or os ileum of the 
frog can be passed through the hole, and fixed by a screw. A 
small amalgamated zinc rod is dropped into the tube from al>ove. 
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and supported by a brass stirrup fixed to its upper end, which again 
is attached to the brass holder of the tube. This stirrup is con- 
< tinued on the other side as a short, copper wire bent downwards 
to dip into a steel cup filled with mercury (s). As the rod swings 
to and fro, contact is made between the end of the wire and the 
mercury. At the lower end of the pool is a terminal to which 
the wire is fixed. When in use, the ebonite collar and bottom of 
the glass tube are filled with salt clay, the upper part with solu- 
tion of zinc sulphate, with the zinc rod dipping into it. After 
the bone has been pushed through the orifice of the ebonite collar 
into the clay, it is fixed by the screw. The boi^ at the other end 
of the muscle is similarly fixed, so that the muscle is now 
horizontally stretched between the two electrodes. Further, a 
thread is attached to the lower part of each electrode, connecting 
it with a muscle pointer. Either of the electrodes can be fixed* 
leaving the other to follow the shortening of the muscle.’’ 

Assuming that the electrode of the pelvic bone is fixed, the 
movement, or change of form, of the whole musclb can easily 
be observed and graphically recorded, if the other ftee electrode 
is • connected with a long pointer (z), by a thread running 
horizontally over two pulleys (E and r, Fig. 71) with a weight 
at the end of it, the pointer again being attached to the axis of 
the larger pulley. Since the writing-point natuinUy describes an 
arc of a circle, the curve of contraction on the smoked surface is 
more or less distorted, which, however, matters little in the present 
consideration. If under these conditions the effect of varying 
strengths of the constant current is investigated upon a curarised 
(denervated) sartorius, it is easy to see that imder the most 
favourable conditions of excitability in the muscle, permanent 
closure of a weak current ne^er provokes more than a single 
brief “twitch,” which is at first insignificant in height, but 
rapidly attains its maximal value, if the current increases in 
intensity. 

Beyond a certain limit of intensity the height of the make 
twitch remains constant ; other changes,' however, appear in 
the curve to which we shall refer later. . On comparing the 
maximal twitches produced by single induction shocks wiEETThe 
maximal “ make twitches ” of the constant current under unSorm 
petitions, we are at once struck by the much greater height, as 
weii as the blunt, rounded top, of the latter. This can be 
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detected even at a slow rate of the ifecording surface, but is 
much plainer with a quick movement. According ,to Tigerstedt 
(2) the proc ess of each make contraction must be of a tetanic 
character^, ;sinQe . thq are much more ex- 

tended than in twitches provoked bj^ iiiSucti^ ciUTCnts (Fig. 
72 ). But it is needles to say that there is not necessarily 
any tnie contraction resulting from summation. 

Tr^ these facts alonfe we may conclude that besides the 
of current, its duration in the muscle also affects the strength 
of excitation (or contiuction), while this appears yet more 
plainly from corresponding experiments on sluggish muscles, 



Fio. 72,— 1-8, Contraction curveH 011 excitation of the ntUHcle by single iiuliicti(jn shocks ; con^ 
traction curves (make twitches) on exciting witli the constant ciiri’ent (“ tcfainiis ” character). 
(Tigerstedt.) 


where the magnitude of effect as dependent upon the duration of 
the excitation appears to be in exact inverse ratio with the 
mobility of the particles of an irritable substance. Tlie extra- 
ordinarily small and often negative effect of single induction 
shocks on many protozoa, and on vegetable protoplasm, is well 
known, while in smooth muscle such short stimuli, if they act 
at aU, first take effect at a high intensity, although they seldom 
or never fail to excite the rapidly twitching striated fibres. 
This is remarkably well seen on every relaxed (a-tonic) pre- 
paration from the adductor muscles of anodunta (3). From 
these, as was said above, it is easy to obtain a prej)aration as 
susceptible to electrical excitation as the frog’s sartorius (Fig. 73). 
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Then, after permanently fixing one half of the shell, iiou- 
polarisable brush electrodes can be applied on both ^ides, as near 
as possible to the insertion of the muscular band (which usually 
consists of pamllel fibres), wHile^ in order to prevent any shifting 
of the electrode corresponding with the other movable half of the 
shell, the current at this point is best led in by a short J.oop of 
thread. 


If a current of adequate strength is then sent through the 
relaxed muscle, changes of form may be observed which; apart 
from the sluggishness of reaction moi*e or less characteristic -of 
aU smooth muscle, concur on the whole with those exhibited by 
striated muscle under analogous conditions. As regards fonn 

and process of contraction during 

■ closure of the current, the resulting 

curve will of course rarely corre- 
spond with the process designated in 
rc the time-distribution of the contrac- 
tions of striated muscle, the “ make 
twitch.” Apart from the slowness 
with which the whole process occurs, 
the difference of duration between 
the contraction and relaxation phases 
(periods of rising and faUing energy) 
is much more marked in smooth 
molluscan muscle, which gives a dis- 


Fia. 73. — ►Schema of olectrical oxcitatioi 
in mlductor muscle of molluscs. 


tinct and peculiar character to its 
curve of contniction. Two cases 


must here be distinguished, that in which the current is opened 
before, or as soon as, the muscle has reached its maximum of 


shortening, and that in which there is a long period of closure. 
In the first case, at least under certain conditions, with 
warmed and therefore quickly reacting preparations, curves are 
obtained, which from their form^and process might be regarded al 
extended twitch curves, since not only does the shortening rapidly 
rise to a considerable height, but the relaxation also occupies a 
comparatively slTort time (Fig. 74). 


In oth er cases a longer closure of the circuit produces 
curv^""wKicIi ^iis^^ at the jnqment of closur e " without 

sinki ng down again, con-esponding with a persistent and uniform 
shortening of^Jhe nui^Ie^^^^U^^^^ these conditions the closure 
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may last^ a mmiit e, a dd the muscle remain near ly as louj; in a 
state of maximal shortening, — -when excited by weak as well 
a^^^^trong ^he dependence .of contractio n mamii- 




Fro. 74.— Closure contraction of lulductor luiiscle of Aiiodonta (excitation by the cuhstiiut 
cnn’out) ; (.s), closure ; (o), opejiing. 


tilde on duration of closure is most plainly seen on the prepara- 
tion in (juestion if the circuit is opened hfore the mcvmmmi of 
HwHenw^j is* reached. Constant (jurrents wliicii produce maximal 
cont raction of the muscle when closed for 4 secis. often eliect 
a merely insignificant shortening i/^^ for only see. At 

tliHs ran^re the closure contraction is tri‘cater witli unaltered 




Fifl. 75.— Effect of duration of current on contraction magnitude of adductor innwcle of Amj<lonta 
(excitation ■with constant current) ; (a), duration of closure =i sec. ; (5), -Isec. ; (e), = 4 secs. ; 
(oX opening contraction. (Biodermanii.) 


strength of current in proportion with the time during which cur- 
rent passes (Fig. 75). This agrees with the fact that single induc- 
tion shocks only stimulate the most excitable preparations at a 
very liigh intensity, so far as may be concluded from the visible 
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changes of form (Fig. 7 6). Fresh muscles, or those which, though 
older, are still in a state of considerable tonic contraction, 
generally appear quite insensible to induced currents. 

The advantages of a sustained passage of curr^t over brief 
“ current impacts "TSldscTseen perwi^waUif 

Tick pointecT out that tKe rapid make and break, 
by hand, of an intrinsically effective constant current, generally 
failed to excite smooth moUuscan muscle — -yet the duration of 
the single impacts here is considerable; if it is still finrther 
lessened, stronger and stronger currents will be required to p^- 
duce any excitation. TIu^^ is especially striking in excitation 
wTthT, rapid successibn of induced alternating currents, and Fick 
states “ that in the same circuit that closes the secondaiy coil of 
an ordinary induction apparatus, a frog’s muscle may fall into 
the most lively tetanus, while the moUuscan muscle shows 
no sign of excitation,” and that this even occurs with currents 



Ki(i. 76.— Contmction curves of adductor muscle of Anodonta, excited by single make and break 
inductlqn currents (« and o) of iiicroiising sti’ongtli (o, at greatest distance of coil). 


that are strong enough to throw the muscles of the experimenter’s 
hand into tetanus (4). 

Engelmaim’s obs^ations.,^(m_th^^^ (5) naturally fall 

intoTine~mtTi these e:^eriment3 on the smooth adductor muscle 
of molluscs. Here, too, it is easy to demonstrate that the make 
contraction occurs only when the duration of cun'ent exceeds a 
certain limit, which is lower in proportion with the strength of the 
current. This is plain from the accompanying table (Engehnann). 



Miniunim cloaurpi, required to produce 
contraction. 



1 

2 

3 

4 


quarter second. 

jf 
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In conformity with this, “ powerful intensities ” of current are 
require^^o produce “^ contraction of thej u^^ single in- 

ciirrents, Engelmann was the first to accomplish this by 
taking metallic electrodes (zinc wires), shortening the intra- 
polar tract, and connecting the primary coil of du Bois’ induction 
apparatus with 2-4 Grove cells. 

We have repeatedly stated that effects which can only be 
determined in voluntary muscle by complicated metliods and 
the finest instruments, can be observed directly in smooth 
muscle. This also applies in a marked degree to the 
effect of duration of ciMTeiU upon excitation. It was shown 
above that the marked difference in the height of maximum 
twitclies, according as excitation is with the induced or the 
constant current, is a sign that duration of current is in the 
last case an intrinsic' factor. Fick was the first to establish exact 
data re constant currents of uniform intensity and varying dura- 
tion, for striated frog’s muscle. This is much Imrder than in 
smooth muscle, since, as might be presumed, tlie time during 
which current must pass in order to produce a true excitation is 
]nuch shorter in striated muscle. And in fiict in experiments 
where closure has been effected by means of an ordinary key, 
there is never any perceptible effect of duration of current on 
the height (magnitude) of the twitcli at closure, as may be 
readily understood. If current once lasts long cnougl) for the 
muscle to reach its maximum of contraction, tlie closure twitch 
cannot be affected by any further duration. And this must more 
especially be the case when the circuit is opened and closed, 
however quickly, by the hand of the operator. 

Under certain conditions striated skeletal muscle also l)ecomes 
mo dified, so that the relative inefficacy of very short stimuli is ex- 
Mbited, without any particular refinement of instruments. Briicke 
foimd that the sensibility of striated m tj sole to short curmff^ 
diminished when it was curarised. It has long l>een known in 
clinical medicine that paralysed striated muscles exhibit a certain 
inabilit y jto react to 'short, induceff currents, althougli their 
relation to variations of the constant current is perfectly noiinal, 
and tins has been the basis of a great number of investigations 
(6). Erb (/.c.), for insttince, found in paralysis, such as Bell’s 
palsy in rheumatism, or by section of the nerve, that the 
sensibility of the muscle to short currents was diminished, or 
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completely abolished, wliile it was fully maintained and even 
heightened for the constant current. Neumann observed similar 
changes in fatigued or moribund conditions. 

Along with t hese changes there is the gradual development 
of a much_mor^ process of contraction, so that here too 

contractile ^bstances with a slow reaction require a knger 
period of excitation than those which react, quickly. This is 
developed to such an extreme degree in maiy smooth muscles, 
that one is justified in saying that moribund striated muscle, 
especially at the beginning of degeneration, approximates to a 
certain extent, in its physiological properties, to smooth muscle. 
The differences described are most marked in a series of observa- 
tions (not yet published), by T. Krehl (Jena), on frogs, in which 
one sciatic nerve had been divided at the thigh. After year 
the comparison of the two gastrocnemu still exhibited marked 
differences on excitation with tetanising, or single, induction cur- 
rents, or, on the other hand, with the constant current. In the 
first case the coil had almost, to be pushed liome before the 
slightest effect could be produced in the paralysed muscle ; in 
the second an excessively marked, persistent contraction was 
exhibited during closure. The muscle of the uninjured side 
reacted normally. 

A. Pick (7) was the first to show by miexceptionable experi- 
ments, that the make excitation is a function of duration of current 
in this case also. In order to regulate the duration of a single 
impact of current ’’ as required, Pick used a spring-contact, which 
conducted a metal point rapidly over a metallic plate of varying 
breadth (spiral rheotome). Prom this it appeared that, with excita- 
tion of a normal striated frog’s muscle, the magnitude (height) of 
twitch produced by closure of the constant current depended 
not merely on strength of current, but on the time diu’ing 
wliieh, at constant density^ it was passing through the muscle. 
The limit below which the duration of closure must not fall, 
if height of tm^^ is ' to remain maximal, corresponds 
according to Pick with about 6*001 sec. Even if this value 
Ts only app rojdmate it shows that the diff^ence betwe"^”the 
duration of closure required to produce” ah^ effective make 
excitation in smooth muscle, and in striated frog’s muscl e, Is 
enormous. We shall see later that a similarly graduated differ- 
ence also occurs between striated muscle and meduUated ’hef^,‘ 
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a still shorter duration of closure being sufficient to excite the 

latter^ ^ 

^mmihg up the results of the preceding observations, we 
may say that under all conditions a current of given strength 
must traverse the muscle for a perceptible time, in order to 
bring it from a state of rest into that of maximal excitation, 
corresponding with the intensity of tlie same current. If the 
cause of excitation, ix. the current, acts for too sliort a time, a 
weak contmction only will ensue, because the new state cannot 
develop itself fully ; with still shorter dumtioii of current, the 
effect is altogether wanting, because the stimulus does not act 
long enough to induce in any perceptible degi'ee those changes 
in the muscular substance which are the fundamental cause of 
contraction. The time required varies within a very wide range 
ill different muscles with quick reaction, but is, generally speaking, 
greater, as the period of contraction is more sluggish. 

If we may conclude from the above that the excitatory 
process is caused by the current, not merely at the moment of 
its commencement, but a&o durlTyj its passafje, this is still more 
certain from a closer investigation of the changes of form in a 
muscle dmiiuj closure of current. We liave already 

pointed out in smooth molluscan muscle that it may, under these 
conditions, remain as long as a minute in unbroken, persistent 
contraction. The magnitude of this persistent closure con- 
traction ” increases up to a certain limit with the strength of the 
exciting current, but the effect per se is quite evident at all 
working grades of intensity; indeed, it may be said that the 
persistent closure contraction is, generally speaking, the single 
form of contraction in smooth molluscan muscle that con’csponds 
with persistent closure. If the reaction of striated muscle is 
compared under the same conditions, there are noticeable' differ- 
ences. We have already found that below a certain limit of 
current intensity a single “ twitch ” is alone provoked at closure, 
the muscle shortening raj^idly, and elongfiting agfiin aliriost as 
quickly, even when the circuit remains closed. When in any 
given case the closure twitch has reached its maximum, a further 
increase of current intensity produces no increment in height of 
contraction, but there are certain changes in the fonu of the 
contiaction curve, which express the persistent shrinking of the 
muscle during the entire passage of the current. 
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Wgnd t (8) was the first to ob^rve that the muscle does 
not reoD ver its noma^ len^h immediatei^^^ after the closiire 
h^ sujteide^ greater or less degree of sho rtenin g, 

which_on^ relaxes suddenly and sharply when tlie ci rcuit i s 
opened, provide d this break does not in itself excite th e muscl e 
and p roduce a vigorous second contmctidh^oj^ The 

magnitude of the persistent closure contraction increases in this 
case also, up to a certain point, with the strength of the exciting 
current; it is — -at any rate under the given conditions — (re- 
cording the changes of form with Bering's double myograph) im- 
perceptible with weak currents, but expresses itself plainly later 
on in a specific section of the curve, inasmuch as. the descending 
shoulder of the curve docs not reach the abscissa, but runs along 
more or less above it, so long as the current remains closed 

(J?ig. n, K). 



Fio. 77.' -SartorluK lix(Kl in tlin middle (double myograph). Successive excitations at closure with 
unifonu strength and direction of current. Mffect of (local) fatigue at the kathotle. 


With the i^jglication of very strong currents, the make 
J^tch eventually appea^^^^ a hook, since the inuscTe 

relaxes very Uttle after its maximum of shortening, 

thus approximating to the normal reaction of smooth moUuscan 
muscle^ Tins seems to appear earlier, and to be more marked, 
in preparations that are already fatigued, and less capable of 
reacting. The persistent closure contraction is in general capable 
of much greater resistance than the closure twitch, as appears 
alia from the fact that when a muscle is fatigued by 
repeated closure with unaltered direction of current, the initial 
twitch rapidly diminishes in size, and at last ceases to appear 
altogether, while the persistent contraction decreases only very 
slowly with progressive fatigue of the muscle. The initial 
twitch has long disappeared, when each new closure still excites 
the muscle to persistent shortening in almost the same degree 
as at the begimiing of the experiment (Fig. 77, Z); it is not 
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till much later that this eflect also vanishes. In every such 
case striated muscle then reacts from the beginning exactly 
like smooth molluscan muscle ; there is, as a rule, no twitch at 
closure, only a more or less considerable sustained contraction, 
so that ill this particular also there is agreement between 
fatigued striated and normal smooth muscle. Taken in con- 
jimction w ith previous^evidence, the persistent closure contr^tigu 
s ho ws iiidisputably that the dectrical (ni7*rent sets np a process of 
exeyita tion in drmtedy as in smooth, musde, throvglwui the duration 
ofjts pojsso^e, 

"Tile effect of duration of current is even more striking in the 
opening excitation than at closure, so that the influence of cur- 
rent intensity is relatively at a discount. Witli low current 
intensity, and short duration of closure, there will be no opening 
excitation ; currents to the closure of which a curarised muscle 
responds with maximal twitches and strong sustained contraction, 
often provoke no trace of visible excitation when they are broken, 
or in the most favourable cases a weak opening twitch may 
occur after prolonged closure only. Although, on the other hand, 
strong currents will often effect an obvious break excitation 
after even a short closure, it is not primarily the intcnsitg of the 
current which causes the break effect, but the duration of its 
passage. The same alterations as may be observed in the curve of 
the closure contraction with increasing intensity of current, appear 
again in the curve of the opening contraction, if the passage of 
current which precedes it has been of long enough duration (24). 

The simplest change of form with which a striated muscle 
reacts to the opening excitation is again a (break) tvrltch; contrac- 
tion occurs quickly at the moment the circuit is opened, and the 
muscle almost as ([uickly returns to its normal resting pro- 
portions, so that curves are produced analogous to those of the 
closure of weaker currents. But the opeiiing twitch only occurs 
in this simple foim when the muscle is highly excitable, the 
current not too strong, and the duration of closure not unduly 
lengthened. Strong currents almost regularly jiroducc nujre or 
less extended (tetanic) opening twitches, which always appear to 
be antagonistic to the previous persistent closure (ion traction, 
since the ascending shoulder of the curve rises from the line 
of the persistent contraction as its abscissa, while the descending 
portion drops to the original abscissa line (Fig. 78). 
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If a strong current is kept closed until every trace of 
persistent sliortening has vanished, the muscle will not resume 
its natural length directly the break twitch has expired, but 
remains im'mtmtly shortened (“ persistent opening contraction ”) ; 
the closure of a homodromous current in this case produces 
not a shortening, but an elongation of the muscle; it is easy 
to show that not merely the height of the opening twitch, 
but the magnitude of the persistent opening contraction also, 
increase up to a certain limit with the duration of the previous 
passage of current. The twitch entirely fails to appear, both at 
closure and opening, with diminished excitability of the muscle, 
and only the persistent contraction marks the effects of excita- 
tion. The muscle then shortens when the current is opened, 
remains contracted for some time, and lengthens instantaneously 





ria. 78.— Series of ciirv’os of twitches fi*om the sui-torlus, flxetl by its l)elly, in the double myograph. A', 
Kttthoilio ; anodic lialf. The flgiu’es correspond with tl)e rheochord resistance, lltfect of 
increasing strength of curi’ent (s, closui’o ; o, opening). 


upon closure of the homodromous cuiTent. T]^^^ as regards 
j^riated muscle, three chief fonns of contraction may be dis- 
tiiiguishedi at the opening as at the closing excitation : (i) the 
simple twitch, (ii) twitc^h immediately followed by persistent 
shortening, (iii) persistent contoction without previous twitch. 
Of these, (i) corresponds wiS^i the degree of excitation, 

(iii) is a fatigue effect. It is evident that Wundt studied only 
the tliird form in his experiments on the opening excitation ; if?, 
he^^iys: “If the circuit is closed for a long pelrod,' contraction 
will follow upon breaking it ; this occurs much more slowly than 
contraction in a twitch; it remains some time at its maximum, 
and only gradually gives way to elongation (8, p. 142). Against 
this it must be observed that even when the current has been 
passing for hours, a definite twitch will follow on breaking it, 
provided that excitability and conductivity are preserved as far 
as possible. 
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Since the sluggish, smooth muscles do not yield any twitch, 
it is self-evident that at break, as at make, of a constant cuiTent, 
the change of form will always correspond in character with 
the more or less pronounced pe)*siste7it contraction only. If 
experiments are tried with the adductor muscle of anodonta, 
when free of tonus, and as relaxed as possible, somewhat strong 
currents, and a long closure, will be required to produce a distinct 
opening contraction, the curve of which then appears superposed 
upon the curve of the closure contraction — near its summit 
— in consequence of the slow relaxation of the muscle (Fig. 
75, o). On the ureter of the rabbit also, Engelmann ascertained 
that in order to produce a break contraction, the closure must 
exceed a certain duration. It is anived at earher with strong 
than with weak currents, in proportion with the increase of 
excitability. ‘'With greater strength of current, and liigher 
excitability, an opening contraction may occur even after a 
closure . of less than sec. ; with currents of lower inten- 

sity, and with diminished excitability, a closure of 30 " GO 
secs, is not seldom required.’’ For the rest — given the same 
current, and a certain degree of excitability — the total duration 
of the break contraction increases up to a certain limit, with 
increasing duration of closure. Accordingly, both on opening and 
on closing the constant current, a pcrsf'istent excitation will be 
produced, not merely in smooth muscle, but in striated muscle 
also, the magnitude of which depends, in the first case, mainly on 
current intensity, while in the second it is also to a considerable 
degree dependent upon the duration of passage of the cuiTcnt. 

The reaction of smooth molluscan muscle that has shortened 
at a certain degree of tonus, is quite characteristic with regard to 
the appearance of the break excitation. We Iiave already seen 
that in each such case the closure of a battery current, if effective at 
all, pi’oduces only a very weak excitation. As the bi eak stimulus, 
both in striated and in smooth muscle (free of tonus), always 
produces a much smaller effect than the make stimulus under 
the same conditions, it is very striking that the first visible 
effect of excitation upon a fresh, highly “ tonic,” preparation of 
molluscan muscle should occur without exception on opening the 
circuit only, while its closure either produces no effect, or a 
shortening that is minimal in comparison with the opening con- 
traction (Fig. 79, Even when the intensity of a just effective 
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current is considerably increased in the sequel, no essential 
change can be observed in the response of the muscle, unless it 
be that the opening contraction then appears vigorously after only 
a short duration of closure. With any effective intensity of 
current a period of 1—2 secs, is usually sufficient to cause 
perceptible shortening of the muscle; but the effect increases 
within certain limits, if the closure is lengthened with un- 
altered direction and intensity of current. It is to be noticed 
that the magnitude of the break contraction diminishes very 
rapidly with repeated excitation of the same preparation; this 
seems to coincide with the extremely slow subsidence of all 
excitation phenomena, and thus of the persistent opening con- 



Fio. 70.“Contractiou curve of adductor muscle of Anoilonta oii excitation with the constant cur- 
rent. a, Tinmodiatcly after preparation (pronounce<l tonus) ; &, 1 hoiu-s later, after relaxa- 
tion of the muscle ; (s), closura ; (o), opening of current 


traction also, since it is minutes before, at uniform loading, 
the shortened muscle resumes its original proportions. Under 
these conditions it is obvious that only in a veiy limited sense 
can there be any comparison of the results of repeated excitation 
of one and the same muscle under rapidly alternating experi- 
mental conditions {e.g, differences of closure and ciui'ent inten- 
sity), since from the extreme slowness of relaxation the first 
experunent alone can, as a rule, be taken into consideration. 
We may assume that other smooth muscles with a developed 
“ tonus ” wiU react in the same way towards galvanic currents as 
the preparation in question. Morgen (9) experimented with a 
circular piece of frog’s stomach, which was suspended between 
two metal hooks in a moist chamber while still connected with 
the mucosa or after freeing it of the latter, so that the changes 
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of form in the ring of muscle, which was suitably loaded, 
could be recorded by the graphic metliod. On exciting the 
preimration with the constant cun*ent a marked difference 
appeared, according as the mucosa was present or absent. In 
the first case contractions occurred plainly both on closing and 
on opening the circuit; but as excitability diminished in pre- 
parations that exhibited a certain degree of tonus, the break 
excitation became more and more prominent — its magnitude 
moreover increasing within a certain range with the dumtion of 
closure. After a very long latent period (usually of several 
seconds) the contraction began so slowly, that tlie maximum 
was usually reached after half a minute only. Eelaxation then set 
in immediately, proceeding as or even more sluggishly. After 
removing the mucous membrane, Morgen noticed that the closure 
contraction, as a rule, failed altogether, and only the opening of 
the circuit was followed by a marked shortening. The same 
preparation exhibited an analogous reaction when the animal had 
been poisoned with morphia. It seems highly improbable that 
the occurrence of the make contraction should in this case be 
associated with nervous elements (ganglion - cells). . It must 
essentially be an effect of the tonic contraction of the muscular 
coat, increased by preparation. Bernstein, under whose direction 
Morgen’s investigation was carried out, remarks fmtlier that 
preparations which exhibit frequent and weU- marked spon- 
taneous contractions also give very pronounced contractions 
at closure, while this is not the case witli non-excihible or nar- 
cotised preparations. 

It has already been stated that electrical stimuli that are 
ineffective p&r se, are, if repeated frequently at a sufficient in- 
terval, readily summated into an efficient excitation, and 
Engelmann (/.c. p. 282) established the same fact for closing, as 
well as for opening stimulation of the rabbit’s ureter. Tlie 
latter also occurs under certain conditions in the smooth muscle 
of molluscs (Fig. 80). On applying stronger currents, a new 
and further shortening is seen to occur (especially in preparations 
not wholly relaxed) after prolonged rhythmical excitation. There 
can be no doubt that this is an opening contraction, which must 
be explained by the summation of intrinsically ineffective break 
.stimuli, as already pointed out by Fick in the same connection 
(4^ p. 44 and p. 50). We have no hesitation in recognising in 
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this effect the analogue of that “ final twitch/’ which, as we have 
shown, sometimes appears at the end of tetanising excitation of 
striated muscle with very frequent induced currents, just as the 
“ initial twitch ” must be regarded, under the same conditions, as 
analogous to. the closure twitch on excitation with the constant 
current. 

A fundamental distinction between the “twitches” produced 
by single induction shocks and by the closure or opening of the 
constant current is^ as we have already pointed out, the .more 
extended curve (“ tetanic character ”) of the latter. The entire 
process of shortening is prolonged in all its individual phases 
(but especially in the stage of falling energy), in correspondence 



F[o. 80.— Opening contraction (o) of adductor muscle of mollusc (Anodonta) after rhytlnuieal 
excitation with a strong constant current (10 Dan.). Incomplete tetanus dni*ing excitation. 
Time-tracing iji seconds. 


with the greater diu^ation of the make or break excitation. The 
relations of the latent period in both cases is a point of gi^etit 
theoretical interest. We owe its thorough investigation to 
Tigerstedt (2), v. Bezold (10) having previously ascertained that 
the make twitch, with not unduly strong currents, has a shorter 
latent period than the make induction twitch. The difference 
according to Tigerstedt (in the non-curarised gastiwnemius) is on 
an average 0*003 sec. We have invariably observed the same 
results in experiments (to be described below) on the curarised 
sartorius. In excitation with the constant current the magni- 
tude of the latent period, as shown by v. Bezold, depends 
essentially upon current intensity, the more so in proportion as 
the cun*ent used for excitation is weaker. If the intensity of 
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current is much increased, the effect on the latent period, 
though pronounced at first, may disappear completely. In the 
opening excitation the latent period, is as a rule, longer than at 
closure, so that with weaker battery currents the difference, as 
compared with induction twitches, is even more marked than 
at closure. But with increased current intensity and prolonged 
closure, it may be almost entirely abolished in this case also. 
In inquiring into the cause of the shorter latent period in make 
and break induction twitches, the answer comes to hand when 
we remember that in order to provoke a “twitch,” a certain 
acceleration of increase in the intensity of current in the muscle is 
essential. According to the law proposed by du Bois-Eeymond, 
the electrical current does not excite by its absolute density, but 
by its relative changes from one moment to aiiotlier, the in- 
centive to movement consequent on these changes being the more 
considerable in proportion with their rapidity at uniform magnilutle, 
or brief duration in a time-unit. 

And if, on the other hand, we have reason to suppose tliat 
constant currents of medium strength undergo slower alterations 
of density within the muscle than induction currents (in conse- 
quence of lower potential), then the longcu latent period, at least 
for closure twitches, would, as Tigerstedt points out {Ic, p. 197), be 
dei^endent upon purely physical factors, and the self-evident con- 
sequence of du Bois-Ecymond's “ general law,” as above stated. 
But we have already sliown that the first half at least of this law 
has no application to muscle, and we slmll suljsequently find that 
the second half is not generally applicable either. This does not 
indeed cancel the possibility of explaining tlie above differences 
in the latent period as indicated. 

Here, we are obviously dealing with the commencement of 
the contraction only, not \vith its final magnitude and furtlier 
process. Although the excitatory effect of short, induced cur- 
rents is certainly less than that of battery currents so far as 
regards magnitude and duration of the twitch, it is easy to show 
that the degree of current density required U) produce a twitch, 
however small, is more easily arrived at with induced, than with 
constant, currents. 

This leads us directly to the question of the dcfpmdence of 
excitatory effects npoii the distnhutwi in time of the electrical 7iwve~ 
imnL On comparing contractile substances * colle ctiv ely, we are 
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met by the i^g^cant fact that rapid variations of density in 
cu^ent are an effective stim^ to highly mobile fiinds ol 
proto plasm (striated muscles), while they are ineffective towSds 
more sluggish portions. This is cle^Iy shown by "tEe Jacii that 
normal striated muscle, when excited with the constant current, 
twitches conspicuously at the moment of appearance and dis- 
appearance (closure and opening) of the current. The visible 
manifestcLtixms of persistmt eocdtcition fall into the background, 
while the excitatory effects of current variation come prominently 
forward, in proportion as the excitable protoplasm is more highly 
mobile. This dictum is sujBficiently borne out by the total results 
of experiments on contractile substance. It finds character- 
istic illustration when the action of a gradually increasing current 
on different iiTitable tissues is examined. If the circuit is closed 
as usual by hand, e,g. with a wire dipping into mercury, the intensity 
naturally rises with excessive rapidity from zero to its maximum, 
so that the form of the curve of variation is unrecognisable in 
detail. But by using a contrivance, by means of whi ch th e 
intens ^y of the cuffenl'^nT)^^ increased from z ero— 

as in the slow and uniforjii gradation of the slider in du Bois* 
rheochord— it may (altbough^ the 

sudden closure of tEe^am^im a maximal twitich 

with subseciuent persistent ccmtractim^^^ giyt^ no indicatipn 

of shortening, or, m the most fayourable^^^^ weak persistent 
contraction only, in striated muscle. If the same experiment is 
repeated jpn.,. a. .preparation pf_smpot^^ thejadducjter 

of the shell in anodonta, the effect is quite different. Fick (4) 
^mdeed asserts that he' Eas "suc^^^ currents of con- 

siderable strength ” through tliis muscle also, without contracting 
it,^ but a^pEenbmenffly sl^ of current intensity was 

required, extending over several minutes. Under these conditions 
iT^’iTiaf dly be"a that no visible manifestations 

of excitation make their appearance, considering that the effect of 
the constantly increasing fatigue changes in the muscle-substance 
must be accentuated in proportion with the slowness of increase 
of intensity, at every point at which (as will be shown below) an 
excitatory process is discharged by, and during, the passage of the 
current. At each successive moment, ie,, the current acts upon 
points of the fibre, which have already been modified by the whole 
preceding passage of current, in proportion with its duration. 
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Moreover, it is easy to show, as might be expected, that the 
moUuscan muscle in its relaxed state is highly sensitive to the 
gradual entrance of current. If thei'e is a rheochord in the 
circuit, with as many cells as would be sufficient to set up a strong, 
closiu'e contraction without the rheochord, an analogous change of 
fonn in the muscle, cori'esponding witli the commencement of the 
persistent closure contraction, will invariably appeal' if the rheo- 
chord slider is gently pushed forward from the zero as evenly as 
possible. The contraction begins when the current has reached a 
certain intensity, the curve rising the more steeply in proportion 
with the rate at which the slider is pushed forward. We have 
thus found it possible to record marked effects when the intensity 
of current had been slowly increasing for two minutes ; the experi- 
ment of -course requires very sensitive preparations. 

We may conclude from the preceding data that every change 
of form w hich ""cim be termed a ^Hwitch” in a suitoble muscle, 
quires for its effective stimulus a more or less positive or 
negat ive variation in| C]iixejat,densiiy*.wlieth^ beginnmg at zero or 
aj^^fi^iite .value; and since, as at once appears when a muscle 
with parallel fibres is partially traversed by current (the ease of 
total excitation will be treated later), each twitch con'esiionds with 
a wave of contraction spreading through the entire length of the 
muscle, the transinission of excitation from the seat of direct 
stimulation would seem in the last resort to be produced and con- 
ditioned by a rapid variation in the current. HegQii*,wWlq,strength 
of excitation deiiends fundamentally upon intensity, duration, and 
3ensi t y ~oTcuiTent, the discharge of a wave of contraction depmds also 
upon the vMure {steepness) (f the imreasc of aarrent inte'nsitg in the 
muscle, 

Tliese conclusions stand out more clearly from a simple, 
graphic representation (Fig. 81), after Fick (4, p. 28 f.) The 
abscissee indicate the times, the ordinates correspond with the 
cuiTent intensity at the moment. While, in a given case, a passage 
of cun-ent, such as is represented in Fig 8 1 (a), may fail to excite 
both striated and smooth muscle, another process of current like 
Fig 81 {h) may be an effective stimulus for the latter. In 
order to produce the closure twitch in striated muscle a 
steeper rise in the curve of current density is essential. In 
variations of current, starting from and returning to zero, the 
following cases are conceivable : a variation of the form (Fig. 81, c, c), 

0 
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corresponding with a. single weak induction current, or “current- 
impact,'' does not eventually produce a twitch, as is the case in a 
variation of the form (rZ), because the low duration of current is 
compensated in the latter liy greater intensity. On the other hand, 
a variation of the form {e) may act as a stimulus on the same 
preparation wliich is unexcited by (c), because in this case the 
greater duration compensates the lower intensity, and the same may 
also apply to a variation with less steepness of rise and fall (/). 

Tlie striking predominance of the excitatory effect of the 


a 



Fio. 81 .— c, Ditf^rent forms of variation ciirvos of current intensity. (A. Flck.) The 
abscissa} indicate the time in seconds, the ordinates the strength of current. 


break induction cuirent is usually referred to the different rise 
of current intensity, and applies as much to smooth as to striated 
muscle, and indeed to nearly all irritable tissues. But since the 
experiments in this direction have till now lieeii confined almost 
entirely to motor nerves, it will be more convenient to postpone 
the discussion of these facts until the scanty experimental data 
which exist in regard to dependence of excitation on the exact 
form of the curve of variation of current intensity can be brought 
forward. 

yhe reaction of cardi ac muscle to the constant curi-ent, as 
in many other respects, isTexcej^ionfir Ever since Eckhar^ 
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(11) observed the n on-ganglionated apex of the_ frog’s hetut 
to pvimte rhypvnmally, when a constajit electrical current 
was led through it, this easily verified fact has been the 
subject o f repea ted expeiimehts^ TEe^Se^iency of pulsation 
increases i n a certsm with the stren^li of the current. 

We have already seen that cardiac muscle respohcTs by 
rhythmical manifestations of excitation to other continuous, 
uninten-upted stimuli, e.g, mechanical and chemical, so that 
the effect of sustained passage of current as just described is 
nothing extraordinaiy, and the only question is whether this 
property really is specific to cardiac muscle, and is not rather 
a general characteristic, as it were abnormally developed. 
Hering (13) long ago qbaeryed, that a curarised 
became rhythmically excited imder certain conditions when its 
intnnsic loKj^tud^ current was short circuited by immersion in 
^ ^ Nadi, and also when acted upon by very weak artificial 
currents^ the reaction being similar to that of chemical ex- 
ertion, according to KiLhiie and Biedermann. This however 
only referred to weak contractions in an unloaded muscle that 
was moreover dipping into fluid. frRter on we succeeded in 
producing a long series of vigorous twitches, by nTeiihs dr uniforni, 
persistent closure of a battery cuiTcnt, in a loaded sartorius ex- 
t^ded In Hering’s double myograph, proAdded the excitability 
of the muscle - substance was locally increased at the seat of 
direct excitation (ie., as will be shown, the kathodic end of the 
muscle) by treatment with adequate solutions of Na^CO.^, from 

Fig 82, a, shows such a series of curves, recorded after fifteen 
minutes’ continuous action of a 2 % solution of Na^CO.^ on 
the tibial end of a curarised sartorius, during closure of a medium 
descending current. A rapid shortening (twitch) of the muscle 
begins before the first pronounced twitch has expired, long before 
the descending shoulder of the curve has reached the abscissa. 
The superposition of three twitches in rapid succession brings the 
second contraction to the first maximum, after which follow in 
regular rhythm twenty -five vigorous single twitches, liardly 
inferior in size to the initial twitch ; these, at first closely packed 
together, are discharged later at intervals of about one second. 
After the twentieth twitch, the magnitude of shortening diminishes 
rapidly, and at last only a trace of persistent contraction remains. 
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which does not disappear completely 
till the current is broken. T he si ngle 
impulses appear to follow more quickly 
at fhe banning than later. Sometimes 
tfhe rhythmical twitches which are in- 
duced to a certain extent by the discharge 
of the persistent closure contraction, 
suddenly increase in height in the course 
of a series of curves, so that the line 






Fig. 82.— rt, I’wo series of rhythmical twitches during persistent closnre of a battery cur- 
ront (thermoelectric pillar, rheochord I'csistauce 60), after fifteen minutes’ continuous 
action of NaaCOs (2 %) on the tiblal end of the sartorius ; b, second excitation of 
isclc, effect of fotigue. 

which connects the summits at first rises steeply, and then 
sinks away again rapidly when the height of twitch decreases 
(Fig. 83) — a reaction which recalls the well-known staircase 
increment of twitch in different muscles, on exciting them 
with uniform induction currents. 

Since on applying very strong curren ts — accor ding t o 
Her ing very we^'cun^hts ^o^m^aFr&^Sai^^ 
tions of e xcitation, and but Iittle°fess regular, may appear with- 
oiit a ny ^tificial inemse of excitaSnity, itfi^^^ 
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to assume that a mta/ined aid 

'if-^j.rfmJwtion leca/me the cmdttum 

thai are feeble m ch/irader or V. • |. 

T^W&i, vMU, rmimrmd eie^emm. Froiu this pomt oi 

STt Would be legitimate to speak of tetanic closure mtohes, 
and of a tetanic character of the persistent closure f > 

indeed it seems doubtful whether on exciting a curansed mus<do 
"/X battery currents a simple non-tetanic closure twitch 



rin« • nfirsidtent closiiru of current ; |{radual 

, 1*. ■ tliP extended curve rather speaks m 

really can be obtamed jggj^j. 

favour of this view than agam 

mate to draw inferences from ..^decided, just as it is not 

currents must • ^^tal date to postulate the dis- 

possible from our present e contraction, although 

continuous nature of the p constant current, dunng 

there is much to be B^id for it ,nd invari- 

its closure in cardiac mi^le, P ^ appear, at least 

,f agcii™ (5) ™ fc 

Still of the rabbit, which 
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discussion ; i,e, the periodic waves of contraction that start from 
the kathode of the constant current, without any apparent shift- 
ing of the object upon the exciting electrodes. “The number 
of contractions observed during a closure of 1-2 minutes was less 
(2-3) with weak currents, and more (5-7) with stronger currents. 
The intervals at which the waves followed varied between 4 and 
20 secs. The periods were frequently short and equal, in 
other cases they varied in duration. The ureter did not usually 
relax completely at tlie negative electrode in the interval between 
two waves — at least with the stronger currents (persistent closure 
contraction).” At break of the constant cuiTent again, Engelmann 
repeatedly saw 'pmo3ic^av€s“6T contraction starting from the 
region of the positive pole in the rat^s " ureter (Z.c. p. 414),^ 
phenomenon to which we find an analogue m the fact, that the 
discharge of a persistent opening excitation in rhythmical single 
twitches may also be observed in the sartorius under the 
described conditions, though more rarely. As a rule, indeed, these 
are only more or less extended single twitches, and it is im- 
possible to draw any conclusion as to their tetanic character. 

Ko fimdamento l difference, therefore, obtains between the 
manifestations observed" inT cSjffiac^^^^ hi other, striated and 
smooth^ "miiscle, during the constant passage of current j and 
jt is billy quantit?itiyely, that^^^d^ can be detected in 

the rhythmical discharge of excitation, which occurs invariably 
in^ the one case, and in the other only under certain con- 
ditions. The much slower succession of single waves of contrac- 
tion in the electrical excitation of the ureter, is easily explained 
by the lower excitability and more sluggish reaction of smooth, 
as compared with striated, muscle. And (as we shaU see^Mpw) 
a sim ilar relation obtains between'^this last and the motor 
n^es, so that the s^e manifestation presents itself in gradations 
in the electrical excitation of smooth muscle, cardiac muscle, 
striated skeletal muscle, and motor nmwes. Hence it can be seen 
that the succession ojf rhythmical excitatory impulses is generally 
more rapid in proportion as the excitability is greater. This 
appears not merely from the comimrison of the effects of excita- 
tion in smooth and striated muscles, cardiac muscle and nerve, 
but also from the phenomena which may be observed at each 
single excitation of any one of these tissues: If, under the in- 
fluence of current, cr from any other cause, the excitability sinks 
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below a certain limit, the possibility of rhythmical sustained 
excitation disappears under all conditions ; there can be notliing 
more than the discharge of a single twitch, or the develop- 
ment of a seemingly sustained constant contrac^tion. We^mig]^ 
attempt to fi nd in thes e manife stations an exception to the 
statement that a twitch ” (or self- transmitting wave of con- 
traction} is only excited by a more or less steep variation in 
intensitj 0^^ 4®5^Tical .current/^ ^ forgotten 

that this, in the las t resort , signifies merely that the changes jiro- 
duced by cumnt (as by any other mode of excitation] in the 
^citable substance, must . increase with a ce rtain rapidity from 
zero ^ or from a I® tP 

caused by them. More or less rajnd variations of the state of 
excitabili^^^^^^^ substonce are however conceivable, 

and really occur when of aantoMon itself is constant; 
e.g, the pu lsations o f t he apex of the hearV in c^^^^ or 
jy^Spl^iical exci^tion. This obym only upon the 

natu re and stote of^exdtability of the substance in qiiestioii. 

We have thus acquainted ourselves with the dependence of 
excitation on intensity of current, as well as on its duration and 
kind of increase in general ; in conclusion we have to consider 
the effect of its direction. It is a pi'^iori evident that this can 
hardly play any part in the tjqiical, longitudinal passage of 
current through a muscle with parallel fibres, if the muscle 
really is constructed with geometrical regularity, and, in parti- 
cular, is of equal diameter at both ends, so that the density of 
the current at all points will l)e unifonn. Such preparations, 
however, are rarely met with, and the generally adopted frog’s 
sartorius (although comparatively regular) exhibits in this respect 
considerable variations. Before discussing this point in detail, 
we must consider the enormous influence exerted by the imgle 
of tim cm^rentj i.e. the angle between the lines of thii cuirrent and 
the direction of the fibres. 

The earlier observations on this point were very contradict- 
ory. Sachs ( 15 ) more especially maintained that muscle pos- 
sesses equal excitability to transverse and to longitudinal passage 
of current, but the method which he employed leaves room for 
doubt whether an electrical current traversing the muscle in a 
really transverse direction can produce effective excitation. Two 
needles were used in these experiments as electrodes, and brought 
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into contact with the muscle in such a way that their line of con- 
nection cut transversely across the muscle-fibres, so that a current 
passing through the contacts must traverse the muscle mairdy 
in a transverse direction. Yet it is almost self-evident that 
under these conditions, even with the most exact transverse 
passage, there must also be longitudinal lines of current. It 
would then depend merely upon the strength of stimulus 
whether these were able to provoke an excitation. Sachs con- 
tended that the strength of current, which is just effective in his 
experiments, acted through the lines of connection between the 
two electrodes only, but this, as was justly observed by Leicher 
(16), could only occur under certain non-existent, premises. 

A more satisfiict ory method, invented by Matteucci in 1838, 
and then applied to nerve by Luchsinger £17) at Hermann's Jn- 
sibi^tion, consists in plunging the object to b^^^^ 
cuirent (nerve or muscle) into an indifferent conducting fluid, 
which the exciting electrodes also dip into. In this c^e &e 
^uscle, which lies at right angles to the lines between the elec- 
toodes, is entirely, or at least mainly, traversed by vertical Unes 
of current only — entirely when the electrodes are flat or linear, 
mainly when they are punctiform. Tschirjew (18), who used 
flns met hod, found that greate r inten sity of current is recjuired 
on exciting the muscle transv ersely than in longitudinal excita- 
tion, but he _ believed notwithstanding (taking into acco unt 
Herman n's statement that the resistance of the muscle 
is much greater — 4—9 times — m tKe transverse than irPtli'e 
longitudinal direction, so that a greater fraction of the cur- 
rent nmst^'j^^ through the muscle with longitudinal tlian 
with transverse stimulation), that muscle is more excitabl e to 
transverse than to longitudinal pass^e of current. Both this 
experiment, however, and those which Giuffre, Albrecht, and 
Meyer (19) worked out under Hermann's direction, present 
weighty experimental objections, as Hermann himself pointed 
out Tschirjew either placed the excised muscle in the excitation- 
trough, with silk thread attached to both ends, connecting them 
with a lever, or employed minute quadrants of muscle; while 
Giuffrfe tried to avoid the difficulties due to irregularities of form 
in the ends of the muscle (sartorius) by dipping only the portion 
with parallel fibres, which he marked off with artificial transverse 
sections, into the fluid. Since, however, as will be shown. 
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the excitatory effect of a current is lessened to an extraordinary 
degree when it passes in and out by artificial sections, or other- 
wise injured points of the fibre, it is clear that in all these last 
experiments the relations of excitability may appear to alter in 
favour of transverse passage of current imder certain conditions. 
And if a much lower excitability of musc le is really found 
to exist wi th transverse passage of curi’ent, it can only be 



Fig. 84. — AiiparatiiH for passing current transversely tlirough the muscle (sailorius). (Ucriiig.) 
(Catalogue of Physiolc^ical Apparatus. B. Botlie, University Mechanician in Prague.) 


viewed assail a proof that the latter is a weaker stiinuluH 

the Jongitudinal current. The point has been experT- 
mentally decided by I). jCSc^ He used apparatus, wiiich cor- 
responded essentially with the metliod employed niucli earlier by 
Hering for the same purpose (Fig. 84). The muscle (curarised 
sartorius) was fixed between two clamps by the bones at either 
end, just as in Hering’s double myograpli. One clamp is fixed, 
the other is left free, and communicates the movement of the 
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muscle to a lever. The excitation-trough consists of a parallel- 
epipedic ebonite box, the shorter walls of which are lined with 
amalgamated zinc plates, which lead in the current. At some 
distance from these are two other walls of baked porous clay, so 
that a canal is formed on each side, bordering on the some- 
what quadratic inner space of the trough. This contains 0‘6 
% NaCl solution, while the two canals are filled with con- 
centrated solution of zinc sulphate. The muscle, conveniently 
stretched by a weight, and quite uninjured, is plunged into the 
centre space, so that the angle formed by the current in its pass- 
age can obviously be altered in any direction by simply turning 
the trough round. 

As might be expected with jbrue longitudinal passage of 
curr ent (angle 0), the make twitch, or persistent make corn- 
traction, appeared, just as outside the fluid, Fut Leicher never 
observed an effective opening excitation with the strength of 
current employed (9 Dan.) If a current traverses the muscle 
at an angle of 45”, it still has a eertein effect, but much less 
than with true longitudinal passage. Finally, if the muscle 
is traversed at an angle of exactly 90”, it hsually remains 
g[uiescent. More rarely with transverse passage a weak excita- 
tion occurs, which, notwithstanding its inferior ma^tiide, varies 
in response to any altemtion of current.'* Tlie total Turn- 
cxcUalility of stzifdeA perjoi^ndieular to 

the fibre-axis must alter these simple demonstrations be accepted 
as proven. It is easy to understand that the experiments in a 
typical form could only be carried out on a muscle with 
parallel fibres constructed as regularly as possible, and that any 
preparation with a more complicated arrangement of fibres is a 
IjHori excluded. There are no corresponding experiments on 
smooth muscular parts, but it may be assumed that here also, in 
so far as the contractile fibrils run parallel, they give no response 
to the transverse passage of current. It is clear that the fact of 
the d(ipendence of excitation upon the magnitude of the angle at 
which the contractile parts, lying in a definite direction, are 
traversed by the lines of current, is of the greatest significance to 
the theory of the action of the electrical current. Before enter- 
ing upon this in detail another fundamental law of electrical 
excitation must he considered, in regard to the question at 
what }mnt of the tract in the muscle directly traversed an 
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excitatory 'process is set up hy the cmrent at its commencement 
or end, as 'well as during its passage. The immediate presump- 
tion which, at least for induced currents, was for long the only ac- 
cepted theory, is obviously that excitation occurs uniformly at every 
point of the area traversed, so that when current passes through 
the muscle longitudinally, each transverse section falls into simul- 
taneous, and, in so far as the excitability everywhere is equal, 
uniformly strong contraction. The bare consideration of a 
striated muscle stimulated by closure or opening of a current 
gives no certain conclusion, for there is always, even in such 
cases, an apparently simultaneous shortening of the entire 
muscle, which must be due to an undulatory progress of the con- 
traction, as, e,g,, in the partial excitation of a muscle with parallel 
fibres. The question must either be decided by delicate methods 
of time-measurement, as in the determination of rate of conduct- 
ivity, or by experiments on muscles in which, as in smooth 
fibre-cells, the processes of contraction and conduction are 
uniformly slower. Both lead to the same end eventually. If 
total longitudinal passage of current in a paraUel-fibred, cross- 
striated muscle, e,g. sartorius, produces excitation which is trans- 
mitted in undulations from one pole to the other, it must 
obviously be possible, by means of two levers that rise succes- 
sively at different points of the muscle, in consequence of the 
wave of contraction which passes under them, to obtain two 
curves of expansion, which, when the lever points lie vertically 
one over the other, must easily show whether the two levers rise 
simultaneously or no ; in the second alternative, the localisation of 
the difference enables us to see in which direction the wave was 
travelling. Aeby (20) tided to decide the question experimentally 
on this principle. He laid two levers on the curve of the hori- 
zontally situated curarised muscle, at a distance of 17 mm., which 
recorded the expansion of the muscle, in consequence of functional 
acti\T.ty, on a rapidly rotating cylinder, and found that both 
levers were simulta'neonsly raised from the muscle when it was 
excited by the make or break of a constant current passing 
through it. This would to all appearance have been impossible 
if excitation had really started from one end of the muscle only. 
The result of this experiment is therefore in direct contradiction 
with the preceding theory of a polar excitation of the muscle. 

Von Eezold (10) tried to solve the problem by a different 
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method from that of Aeby. He eDiployed the ordinary myogi’aph, 
in which the longitudinal alteration of a muscle or fragment of 
muscle is recorded, using the latent period of the make and break 
twitch as his criterion. The curarised sartorius was fixed by 
its upper end to a cork trough fitted to its size, so that two 
copper wires crossing the muscle at right angles to the direction 
of its fibres clamped a certain portion of its length, about 4 mm., 
between them, to two points in this trough. The ends of these 
two wires served to fix the muscle to the cork, and made the 
electrodes. The portion of muscle between them was thus at the 
same time the tract traversed by the current. If the current 
entered the muscle by tlie lower electrode, nearest to the record- 
ing end, Le, was, as v. Bezold expresses it, an ascending current, 
the resulting curve showed that a longer time elapsed between the 
moment of closure and the beginning of the twitch than when the 
current left the muscle by the lower electrode, Le. was descending. 
In the first case, according to Bezold, the excitatory wave arising at 
the upper (negative) electrode, had to spread itself over the intra- 
polar tract, which was fixed at both sides, before it could enter the 
free portion of the muscle below and through the lower (positive) 
electrode ; in other cases the excitation started from the lower 
electrode (which was now negative), and passed immediately over 
to the free part of the muscle. The difference in the two times 
which elapse between the moment of closing the current and the 
beginning of the twitch corresponded to the time required by 
the excitation to traverse the intrapolar tract of 4 mm. Von 
Bezold showed by the same method that on opening the circuit 
the excitation started at the positive electrode. Aeby disputed 
the conclusions of v. Bezold's experiments, but as Hering 
remarks {he. p. 248), it is impossible to account for the time 
differences found by v. Bezold, and constantly recurring in the 
same sense, in any other way than by the different direction of 
the current. The marked variation in magnitude of time- 
difference, amounting to between 0’005 and 0*025 (average 
0*012) secs., is perhaps, according to Hering, to be explained by 
the fact that the conductivity of the muscle is disturbed in a 
different degree at the part clamped, according to the amount of 
pressure put upon it. Taking for granted then that the time 
from the moment of closure or opening to the beginning of the 
contraction is really longer when the upper contact makes the 
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kathode at closure and the anode at opening, it ma)" further be 
asked how far the different direction of cun*ent accounts for 
this disparity. This question, however, is answered by v. 
Bezold’s hypothesis, according to which the direct conclusion 
from the above experiment is as follows : " That mi tlm clomrc of 
a constant current, (striated) muscle is at first excited in the region 
of the mgative electrode and not in the region of the positive 
electrode, white on opening the oivi'renit flowing through the muscle, 
the immediate excitation would he at the positive and not at the 
negative pole'' 

These data of v. Bezold, and the conclusions drawn from 
them, are home out by the well-known fact that, on exciting 
with the constant current under certain conditions {i.e, diminished 
conductivity), the manifestations of contraction are confined to 
the region of the ploint at which the current leaves the muscle 
(kathode), and that this occurs invariably in the pe'-sistent 
closure contraction when currents that are not unduly strong are 
sent into the muscle. With reference to the first point, 
Bezold refers back to an older observation of Schiflf (21), who 
found that when a moribund muscle had already ceased to yield 
a closure twitch there was still at the negative pole of a constant 
current a weak, localised idio-muscular contraction, fai’ less dis- 
tinctly expressed than the effect of mechanical excitation, which 
persists unifoinnly so long as the current continues, and then dies 
away again. It is not difficult to show that this “ idio- 
muscular ” kathodic persistent contraction is completely identical 
with the persistent closure contraction described above, provided 
the currents used for excitation are hot excessively strong. 
Engelmann (5) obtained, direct experimental proof that in 
perfectly fresh muscle also the sustained contraction following 
on the closure twitch is confined to the region of the kathode. 
The method of his experiment is evident from the accompanying 
diagram (Fig. 85). Engelmann passed a current through the 
entire sartorius, and fixed the upper section with a clamp which 
was 7 mm. or more below the upper electrode, while the lower 
electrode was formed by a wire hook introduced into the muscle. 
The section of muscle below the clamp was therefore the only 
movable part, and recorded its contractions upon a slowly 
travelling surface. When the current in the muscle was 
descending, the lever remained above the abscissa after the make 
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twitch had expired, as long as the closure lasted ; when, on the 
other hand, it was ascending the lever returned to the abscissa 
completely after this twitch. By the same method of experi- 
ment, moreover, it is easy to establish v. Bezold's conclusions. In 
two experiments Engelmann found that the closure twitch began 
0*006 secs, and 0*009 secs, later with an ascending than with a 
descending current, wliich must be explained by saying that in 
the ascending current the contraction discharged at the upper 
end of the muscle must first be transmitted through a tract of 
muscle 7 mm. long before it can act upon the lower movable 
section of the muscle. The localisation of the closing, as well 
as opening, persistent contraction, is elegantly shown by the 
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following metliod, taken from Engelmann. The curarised 
sartorius is extended in Hering’s double myograph, with non- 
polarisable electrodes, which in this case are hath free. In order 
to observe the changes of form independently in either half of 
the muscle, its centre is fixed by a clamp specially constructed 
for the purpose. This consists of two troughs, not exceeding 5 
mm. in length, supported by a pillar, and covered with a layer 
of oil clay (Fig. 71). The clay moulds itself firmly to the 
shape of the muscle, holding it sufficiently by contact alone, 
with no perceptible pressure, to prevent a direct transfer of the 
changes of form from one half of the muscle to the other, without 
inhibiting the transmission of the excitatory process. The non- 
polarisable electrodes make it possible to continue the passage 
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of current tlirough the muscle as long as is required, without any 
fear of the intensity of the current diminishing in a perceptible 
degree; and this is facilitated by the study of the persistent 
opening contraction. It is at once seen that first one and 
then the other half of the muscle, according to the direction of 
the current flowing through it, becomes permanently shortened 
(Fig. 88), and that on strengthening the current the persistent 
contraction increases considerably (Fig. 78), without any transfer 
to the other (anodic) half. If a muscle that is not too tensely 
stretched is examined with the unaided eye or magnifying lens, 
the local swelling of the ends of the fibres may be plainly 
seen, even with minimal currents, after the closure twitch has 
expired, as described by Engelmann. The contractile substance 
almost appears to flow suddenly, as it were, at the moment of 
closure, from the region round the kathode to the kathode itself, 
and to accumulate there. In muscles that have been exposed to 
excess of cooling, by which their conductivity has suffered, it can 
be seen directly, as shown by Hermann, that the muscle is drawn 
at closure towards the kathode, on opening towards the anode. 
The swelling only affects the peripheral ends of the fibres, 
immediately before they pass into the tendon. Even with 
moderately great tension of the muscle, a small swollen expan- 
sion appears, which persists unchanged throughout the entire 
duration of a persistent passage of current. On strengtlicmiiig 
the cx(dtatory current the persistent closure contraction increases 
considerably in amplitude, without however losing its localised 
character, even with high intensity of current. The sections 
which lie coUecjtively between the kathode and the centre of the 
muscle never remain in persistent contraction during the passage 
of current. In judging of the spatial extension of a manifesta- 
tion of contraction in muscle, great care must be taken not to 
confound the true shortening with the merely peissive contraction 
of adjacent parts. A very simple method of artificial observation 
consists in marking the surface of the muscle with signs, which 
move in opposite directions when the muscle shortens, and thus 
indicate the spatial extension of the contraction. We have found 
it convenient to paint the whole muscle with transverse bands of 
Indian ink, at right angles to the direction of the fibres, so that 
the distance between each pair of cross-lines, traced with a fine 
bristle upon the dry surface of the sartorius, was about I 
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Each contraction, however small, was then defined by a more or 
less considerable reduction in one or more of the cross-bands or 
the coloured spaces between them. Within the passively partici- 
pating muscle tracts, on the other hand, the coloured cross-bands 
are much contorted, but do not appear to get smaller. In very 
widely extended tracts they grow considerably broader, as will 
appear below (22). 

In a tracing — conformably with direct observation — the 
persistent closure contraction only appears in the curve correspond- 
ing with the kathodic half of the muscle, but if the currents 
. employed are not too strong (Figs. 77 and 78) the closure twitch 
is seen on both sides equally. It is only with the weakest minimal 
currents that the twitch appears higher on the kathodic than on the 
anodic side, where it is sometimes no more than a little hump. 
This marked difference, which is plain with the application of the 
weakest currents, occasionally persists for a considerable period, 
disappearing, however, as a rule (provided the excitability and 
conductivity of the muscle have not otherwise suffered), at an 
intensity of current which may still be termed low, giving place to 
complete uniformity of twitch on either half of the muscle. The 
assumption that the mechanical conditions of shortening are less 
favourable in the one half than in the other is easily shown by 
control experiments to be inadequate, so that the behaviour of the 
sartorius towards the weakest minimal closure stimuli, as described, 
is no less calculated to confirm v. Bezold’s theory of the seat of 
direct excitation by tlie current, than, with application of stronger 
currents, the fact of localisation of the persistent closure con- 
traction. These experiments show further that the waves of 
excitation, Le. contraction, may die out on passage through the 
intrapolar tract if the discharging stimulus is very weak, and 
that with somewhat stronger stimuli they are propagated in 
a diminishing degree (with a decrement) in the anodic — or, at the 
opening excitation, kathodic — half of the muscle. This is quite 
evident in a prolonged series of twitches obtained by repeated 
closure at uniform strength and direction of current. Here the 
height of the curve of the twitches decreases more rapidly than the 
magnitude of the sustained contraction, which still appears at each 
new closure, even when the make twitch has completely died out 
on the kathodic side. On the other hand, the unequal decrease 
in the height of the closure twitch on the kathodic and anodic 
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sides respectively is very apparent during the process of “ fatigue”; 
both curves are almost equal in height at the beginning. The 
anodic twitch is later only hall* as high as on the kathodic side, 
and finally disappears altogether, while the latter is still twitching 
visibly (Fig. 77). If the intensity of current exceeds a certain 
limit there is regularly an apparent invasion of the persistent 
closure contraction, which starts at first from the katliodic 
end only, and spreads over the fixed centre of the muscle. 
This phenomenon is most conspicuous with currents that are 
inadequate to produce an effective break excitation at the usual 
period of closure. It is very remarkable that the degree of 
persistent shortening, is not, as might a pi'iori be expected, 
under all conditions higher on the kathodic side than on that of 
the anode, but with curi'ents of a ceHain streiigth the ratio is usually 
augmented, Aeby (20) drew attention to an analogous relation 
for the closure twitch, when he found that the ratio of hei^Iit of 
twitch in either half of the muscle was inverted with stronger 
currents, and under the influence of progressive fatigue — the 
twitches of the anodic half, which at the beginning were equal 
with or smaller than those of the kathodic half, gradually becom- 
ing larger than the latter. Indeed it may happen that — con- 
versely to the case of currents of medium intensity — the kathodic 
half will exhibit only a weak sustained contraction, while the 
anodic half still twitches plainly at each new closure. 

The asymmetry of the sartorius is very disturbing in all 
these experiments, since, as we shall see, it produces an a, 
priori inequality of excitation effects in the two halves of the 
muscle with alternating direction of currents. This agrees with 
the fact that the diffusion of the persistent closure contraction 
over both halves of the muscle already referred to always shows 
itself earlier, and is much more marked, with an ascending 
direction of current {i,e, from knee end to pelvic end), than 
with a descending current. This is the more remarkable since, 
in consequence of the increasing density at the small, tapering, 
lower end of the muscle, and the more pronounced make excita- 
tion produced by it with a descending direction of current, the 
opposite might rather have been expected — if with increase of 
current the magnitude of the make twitch and the degree of 
diffusion of the persistent closure contraction really depend 
essentially upon the strength of excitation at the kathode. 
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But, as we shall see later, the sustained contraction appearing 
under these conditions in the anodic half of the muscle is really 
a manifestation sui generis^ and does not stand in any causative 
connection with the noimal persistent kathodic closure contraction 
at the ends of fibres. With regard to the localisation of the 
hreah excitation, we must further remark that it takes effe ct at 
the anode in exactly the same way as the make excitaMon 
at the kathode, since at first only the corresponding half of 
^e muscle twitches, and it only later, when the excitetion 
the anode has reached a certain magnitude, that the wave of con- 
traction propagates itself through the entire muscle, and tliis with 
a perceptible decrement, expressed in the different height of 
twitch in either half. The persistent opening contraction is 
similarly localised in the region surrounding the point where the 
current enters. 

With the exception of the persistent closure contraction on 
the aide of the anode, occurring as described under certain con- 
ditions only, it cannot be denied that the facts above stated are 
collectively much in favour of v. Bezold's view of o, polar excitation 
of muscle by the current. Notwithstanding this, however, the 
localisation of the closing and opening persistent contraction 
cannot be taken per se as a strong proof of its validity. For if 
the persistent closure contraction seems to be loc^xlised in the 
region round the point of exit of the current, the objection may 
be, and actually has been, made (Briicke, 23), that the current 
has an excitatory action upon the whole tract, taking further 
into consideration that this direct excitation in the region of 
the anode soon becomes ineffective in consequence of a depression 
of excitability proceeding from the same region. Against this, 
again, there is the extraordinarily limited diffusion of tlie persist- 
ent kathodic closure contraction, as is readily ascertained from mere 
inspection. It appears desirable to coUect more evidence, 
and in particular to determine positively the fact that at each 
closing twitch a wave of contraction proceeds from the kathode, 
at each opening twitch from the anode. Here, again, the method 
of clamping the muscle by its centre, as described above, affords 
excellent experimental possibilities. 

Before entering more minutely into the question it will be as 
well to determine the fundamental point of what is to be under- 
stood in the electrical excitation of a rmiscle by kathode and anode. 
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In the majority of the older experiments, where the current Wiis 
led in through metal wires, in direct contact with the muscle, there 
can, of course, be no doubt as to the meaning of the terms anode 
and kathode. So, too, in v. Bezold’s experiments, the expression 
the closing excitation proceeds from the kathode, the opening 
excitation from the anode,” cannot well be misunderstood. But the 
case is otherwise when, although metal conductors are used, the 
current is led into the muscle 'vm bones and tendons. Then the 
expression quoted takes on quite another me^ining. It is obvious 
that the excitation cannot proceed in this case from those points 
at which the metallic electrodes are in contact with animal tissues, 
c.g, the bones or tendons; but that the tendinous ends of the 
muscle-fibres themselves are the real electrodes, and when, under 
these circumstances, electrodes are spoken of, it can only mean 
that the current sets up a peculiar action at the points at loUvth 
it enters or leaves the imcscle-Jihres, How easily misunderstandings 
may arise through these ambiguities, is evident from the 
consideration of certain experiments of Aeby (20) and Brilckc 
(23), which are intended to disprove v. Bezold’s theory. The 
former sent current through both legs of a frog still united by 
the pelvis, so arranged that the wires which served as electrodes 
were connected with the lower ends of the two logs. A piece of 
the thigh-bone wtis cut out on either side subcuhuieously, so that 
the muscles of both thighs shortened at closure of the current, 
but more so with a descending than with an ascending current. 
Aeby deduced from this that the former lay nearer to th(i 
negative — as he thought, more active — pole ; thereby, as Engol- 
mann pointed out, confusing the I’eal, or natural, electrodes of the 
muscle with the artificial — 4.e, unreal — electrodes of the entire 
preparation. For obviously, in a thigli travoreed by an ascending 
current, the anode would occur at the knee, tlie kathode at the 
pelvis, and vice versa in opposite cases. Briicke used a similar 
preparation, only he removed the entire skin, witli the extensor 
muscles, together with the diaphyses of the thigh-bones. If he 
gripped the two gastrocnemii with forceps, connected in circuit 
with 6-10 small Daniell cells, the muscles of the thigh and leg 
contracted on both sides. “ In this case,” says Briicke, no 
contraction waves could spread from the kathode to the flexors 
of the thigh. It must be admitted that they contracted independ- 
ently of all kathodic action, solely tecause they were traversed by 
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the current ; otherwise ifc must be assumed that the knee-joint on 
the kathodic side, or the remains of the pelvis on the anodic, act 
as kathode for the thigh muscles.” But as Hering showed, this 
view is that which was long ago opposed hj Engelmann, since for 
him the anode is the place where current enters the muscle-fibres, 
the kathode the place at which it leaves them. Heiing (l.c. 
p. 241) expresses this more exactly as follows : the real fhymlo- 
gical anode in the mvscle is formed hy the colledive points at which 
current eiden's the contractile svhstaTice ; the physiological kathode hy 
the collective points at which it leaves themi. 

This proposition leads to a corollary, best expressed in Hering’s 
own words. “ If we picture the entire current which traverses 
the muscle longitudinally to be divided into single lines of cur- 
rent, these would indeed, generally speaking, lie parallel with the 
direction and limits of the single fibres in a parallel-fibred muscle, 
and the collective anodic points would lie at one end, the collect- 
ive kathodic points at the other, of the muscle ; in detail, how- 
ever, there would be innumerable exceptions. In the first place, 
quite apart from any tendinous intersections, we must consider 
the case in which the single muscle-fibres end at different points 
of the muscle, although the bulk of them may be approximately 
as long as the muscle itself. But directly such muscle-fibres 
occur, the points at which the current enters or leaves are no 
longer to be sought exclusively at the ends of the muscle, and 
besides the chief centres of polar current action, other centres 
will be distributed in the muscle. 

'^Moreover an absolute parallelism between the lines of 
current and the muscle-fibres cannot, as a rule, be predicated, 
particularly where the muscle is not extended, or is subjected 
to pressure at any spot, or if its surface is not entirely freed 
froju the remains of adherent conducting matters, soHd or fluid. 

In muscles which are lying relaxed upon a slide, the fibres, 
as we know, by no means invariably run straight, but are often 
undulatory, especially after a preceding twitch of the muscle, 
because they cannot elongate again on account of the friction on 
their under -surface. A current traversing the muscle longi- 
tudinally would then find innumerable points of entry and exit 
along the edges of each individual muscle-fibre, and it would be 
quite* fallacious to place the physiological anode and kathode 
exclusively at the ends of the muscle. If the muscle is clamped 
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at any point of its course, considerable bending of part of the 
muscle-fibres is inevitable, especially if the muscle is pressed 
between two forks, with converse surfaces. The same thing 
occurs when a lever or button is placed on the muscle, and presses 
on it at the points of contact. In all these cases, part of the 
current must pass in and out of the contractile substance in a 
number of muscle-fibres at the seat of pressure.” 

These observations will show why the negative results of 
Aeby’s experiments {mpra ) — ^in which, when a parallel-fibred 
muscle is wholly traversed by current, the propagation of a con- 
traction wave is demonstrated by a lever — cannot be regarded 
as conclusive against the positive results of v. Bezold. In Aeby’s 
experiments, a very considerable bending of fibres occurs at both 
points at which the lever is laid upon the muscle. Aeby him- 
self remarks that “the lever was pressing somewhat upon the 
surface of the muscle.” So that the current at the point a^^ which 
the fibres bend inwards may veiy well pass in and out at different 
points of the contractile substance, and thus produce a direct 
excitation. 

Under these conditions, new experiments re tlie polar 
effects of the electrical current appeared desirable. The 
clamp experiment (Engelmann) with the frog's sartorius, as 
described above, in which the excitation passes the fixed point 
without difficulty, while the direct transmission of contraction 
from one half of the muscle to the other is made cpiite impossible, 
affords a simple method of graphically recording the coui’se of the 
contraction wave, and so making measurement possible; for if 
excitation starts from the kathode on closure of the current, a 
muscle, fixed in this manner, and travei’sed by current in its 
entire length, must twitch in the half corresponding with the 
kathode earlier than the anodic half. The latter only begins to 
shorten when the wave of contraction proceeding from the kathode 
has passed beyond the clamped part. The time difference at the 
beginning of the contraction of the two halves obviously corre- 
sponds with the rate of transmission of the excitation, i.6. contrac- 
tion wave, from the kathodic end to the first section beyond the 
clamp. 

The method of experiment was as follows: a tuning-fork, 
making 853 vibrations per sec., and provided with a lever, served 
as the time-marker. This, together with a double myograph, 
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with non-polarisable, movable electrodes, stood in front of a ver- 
tical cylinder, which turned upon a crank, and the contractions of 
both halves of the muscle were recorded on its smoked surface, 
so that the point of the tuning-fork lever lay vertical to the two 
muscle levers, which move (up and down) in opposite directions ; 
in this way it is possible, independent of the rate at which the 
cylinder rotates, to measure the difference in time between 
the beginning of the two twitches as well as the period of 
latent excitation, if the experiment is an’anged so that the tuning- 
fork begins to vibrate at the precise moment of closure or opening 
of the current, as may easily be effected by withdrawing a con- 
ducting wedge introduced 
between the limbs of the 
fork (Fig. 86). 

By this method two 
curves of twitch are ob- 
tained with the closure 
of a battery current of 
suflBcient intensity, one 
traced upwards and the 
other downwards, which 
are always in such rela- 
tions with each other that 
the curve corresponding 
with the kathodic half 

Fig. 86.— Regiatering tuning-fork, for iutemiption gf nmscle riseS Der- 

or closure of current. (Hering.) , ^ 

ceptibly earlier from 
the abscissa than the other (Fig. 87, &). 

If a perpendicular is drawn from each abscissa at the point at 
which the curve commences, the number of tuning-fork vibrations 
enclosed between the two perpendiculars gives the rapidity at 
which the wave of contraction, measured from its point of origin 
at the kathode to the first muscle section beyond the fixed spot, 
is transmitted. The length of this tract is 20-27 mm. according 
to the size of the frog ; this corresponds with 4-6 vibrations 
of the tuning-fork, and the velocity of the make excitation is 
therefore 1-2 m. per sec. 

The same method may be employed to investigate the 
time -relations of the break excitation. Since the denervated 
muscle reacts more slowly to the break stimulus, the intensity of 
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current must be considerably higher. Moreover, as we have seen,* 
the duration of current is of great moment ; at break excitation, 
the anodic half of the muscle invariably begins to twitch before 
the kathodic half, and the two curves seem in this way to be 
relatively altered (24). 

Constant curre^s of^y^^ duration . (current inipacts) 

arid single induction shocks are,, as a rule, effective only at their 
commencement, and not at the termination of the current. Chau- 
veau observed in the muscles of living, warm-blooded animals, 
that weak induction currents, and currents from a Leyden jar, 
excite primarily in the kathodic region, and Engelmami emphasises 
the entire correspondence of action between short battery currents 
and single induction shocks, showmg that an induction shock sent 
through a long strip of rabbit’s ureter at most discharges a wave 
of contraction at the seat of the kathode, while it is only with 
very great excitability, and currents of marked intensity, that 
contraction sometimes appears to begin simultaneously at both 
poles. It is not difficult to demonstrate the same effect in 
striated muscle with similar excitation. If the curarised frog’s 
sartorius is again experimented on, and excited by a fresh 
induction shock, the curve of twitch corresponding with the 
kathodic half will always, after a brief latent period, rise earlier 
from the abscissa, than that corresponding with the anodic half, 
in the muscle stretched in the double myograph, and clamped in 
the middle. 

With higher intensity of induction currents, however, the 
anodic break stimulus also seems to become effective, which is 
not surprising after Engchnann’s experiments on the ureter. 
Regeezy (25) fixed the sartorius like Engelmann by clamping it 
ill the centre more or less firmly with ivory forceps, the other 
end being immovably fixed by another forceps ; the lower end was 
connected with the lever of the myograph. The lower electrode 
was connected with the forceps fixed to the centre of the muscle, 
the upper one was attached to the upper end of the muscle (cf. 
Eig. 85). The direction of the induction current (coil at maximum 
strength) can be changed by a reverser. difference was found in 
the size of the latent period with ascending or descending currents, 
as might have been expected from the experiments of v. Bezold, 
Engelmann, and Biedermann, with battery currents. While with 
weak induction currents the excitation starts from the kathode 
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only, the possibility of lipolar excitation with stronger induction 
currents is indicated by these experiments. The excitation at 
the kathode must, of course, be regarded as a closing, that at the 
anode as an opening, excitation. 

We have already seen that the direction of current, with 
true longitudinal passage through a muscle with parallel fibres, 
would theoretically have no effect upon the consequences of stimula- 
tion, but that the sartorius in this very respect gives a varying 
reaction, owing, no doubt, fundamentally to its asymmetrical 
structure, and the consequent difference in current density at 
either end. On careful gradation of current intensity with the 
rheochord, it may be seen in every case that the closure of the 
descending current regularly produces the first excitation in the 
longitudinally traversed sartorius ; it is only with greater intensity 
of current that the closure of the ascending current also becomes 
effective; a more or less evident difference in favour of the 
downward direction of current is still noticeable in many c^es. 
As a rule, however, tliis difference, which is at first conspicuous, 
grows less and less, until at last with stronger currents it becomes 
imperceptible. The opposite effect occurs with the break excita- 
tion, to which the ascending direction of current is favourable. 
The point of the greatest density of current is found on sending 
current longitudinally through the sartorius at the lower end of 
the muscle, and corresponds with descending direction of current 
to the point at which it leaves, with ascending current to 
the point at which it enters, the muscle-substance. Since in the 
former case the closure twitch, in others the opening twitch, 
appear earliest, these facts alone show the probability — though 
only for currents of not too great intensity — that tlie closing 
excitation proceeds from the hathode, the opening excitation from the 
anode (24). 

Again, with respect to the duration of the latent period, the 
difference in density at the two ends of the longitudinally 
traversed sartorius is very conspicuous. This is as true of the 
make as of the break excitation, the latent period being in fact 
invariably shorter when the excitation starts at the lower (knee) 
end of the muscle, provided the strength of current in both cases 
is uniform (Fig. 87, a, 6). Tigerstedt subsequently obtained 
the same results (2, p. 186 ff.) 

In view of the fundamental importance of the law of polar 
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excitation, it is desirable to bring forward as much, and as well- 
substantiated, experimental evidence as possible in its favour. 
Although the r esults alread y quo ted- might seem to be sufficient 
proof, the readion of partiaUy injwred musde to the passage of 
ele cirical current is of special interest, since it not only affords 
a dir^ t proof of polar excitation in v. Bezold’s sense, buF is also 
of great moment in the theoretical ^tion of the current. 

Tf the ^fto rius of a deeply-cmarised frog is exposed as care- 


a 




Fig. 87. — a, Closure contraction, ascending direction of current (the kathoile lies at the pelvic 
end of tlie sartorius). The lower line corresponds with the kathodic half. Closure con- 
traction, descending current. The upper line corresponds witli the kathodic half of the 
muscle. 

Mly a s possible, and stretched in Bering's double myograph, the 
mak e excitation — which previously appeared in approximately 
equal proportions with either direction of current — will, when 
one end of the muscle is crushed by forceps, be altogether 
abolliSied or considerably weakened, while the effect of the closing 
excitat ion, current is reversed so Hiat the kathqde^fells on the 
uninjured end3>^ the_muscle^_remams iina^^ break 

excitation ji^dom comes about even after long-protracted pass^e 
(rf current, if the anode is on^ejiyured side (26^ (Fig. 88). 
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The effect of partial destruction hy heat is much more 
pronounced than that of mechanical injury, since after the 
application of a “thermic transverse section” the excitability of 
the muscle to currents of medium intensity is in every case 
entirely, or almost entirely, abolished, when the effective electrode 
happens to be at the end that is in heat-rigor. Since both 
mecha nical inju^ and thermic destruction produce a swellin g of 
the end of the muscle, as well as other disturbances of the regul/ir 
processes of the fibres, it is desirable to employ a method which 




|"io. 88. —Twitch curve of sai'toriUH Uxed in tho middle and stretched iu the double myograph. 
((/ = under, 0= upper half of the muscle.) Kffcct of injury (death) of one (tho lower) end of 
the muficle. Tho pair of twitches, A, wore recorded before, B, after injury. 

will kill the muscle, while avoiding these injuries as far as 
possible. Such is local freezing, according to Kulme's method, Jn 
which the form of the muscle -end scarcely ^ters perceptibly. 
Ifj^ in addition to t his, the muscfe is immersed in some indifferent 
fluid tm versed by parallel lines oFcurrent, the methods 
mann (2^y^'dn5erirstein (16) will be still more exactly carried 
out in this experiment, since the effbct of the asynimete^ fonn 
of the ^uscle is here totally excluded. 

Hie preceding experiments of time measurement prove that 
induced currents have the same effect upon striated muscles as 
constant currents of very short duration, and accordingly that 
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the process of excitation is, as a rule, discharged only at the 
kathode. If it is further remembered that the break shock 
excites less strongly than the make shock, it is easy to compre- 
hend the sequence of phenomena which are observed when a 
curarised sartorius is stimulated with gradually-increasing make 
and break shocks, sent in throughout the length of the muscle. 

It was shown above that the diflerence in current density, 
due to the form of the muscle, at the points at which the current 
leaves and enters, occasions the dissimilar effects of excitation in 
the descending and ascending constant cuiTents : this is equally the 
case with the induced current, so that the polar action of the 
latter may be taken as proven. The experiment is even more 
convincing with muscles that have been injured at one end. 
Both make and break induction currents, sufficient in intensity to 
produce maximal excitation in the uninjured sartorius, when the 
kathode lies at the end nearest the tibia, first produce eixitation 
after mechanical, thermic, or chemical destruction of the latter, 
when the intensity of current has been strengthened by pushing 
the coil up considembly further (26). If the injury of a muscle 
with parallel fibres is not confined to one end, but both arc 
destroyed, excitation fails with both ascending and descending 
direction of current, so that a muscle-fibre bounded by two 
artificial cross-sections, traversed in its total extension by parallel 
lines of current of equal density, remains unexcited whether the 
current axis is parallel with, or at right angles to, the axis of the 
fibres. Under certain conditions, when there is any opportunity 
for the arising of effective longitudinal components, excitation 
will occur sooner than it does with pure longitudinal currents. 
With the aid of the method of sending current transversely 
through the muscle described above, these facts may easily be 
verified, and serve to explain the frequent statement that the 
transverse excitability of muscle is less than its longitudinal 
excitability. This applies in particular to Giuffre’s experiments, in 
which bits of muscle were employed bounded on both sides by an 
artificial cross-section. 

In interpreting the peculiar effect exerted by local injury 
(death) of the ends of the fibres upon the excitability of 
the muscle, with longitudinal passage of current, it is very 
significant that total death of the fibre-ends is not essential, 
certain ch&niical changes of the muscle - substance being all 
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that is required to produce these conspicuous manifestations 
of electrical excitation. Most of the salts of potassium ^re 
known to be acute muscle poisons, since when introduced in 
bulk Into the circulation, or applied locally, they exercise a 
highly depressant, or inhibitory, action upon the excitability of 
striated skeletal and cardiac muscle; many acids are'^harffl^ less 
inimical to muscle-substance, even when highly diluted. IFls 
easy to demonstrate that local treatment of one or the other end 
of the sartorius with these substances, which are inimical to 
excitability at the point of application, produces a reaction of 
the muscle to current analogous to that with localised death of 
the fibres. The method of experiment is the same as above. 
The chemical substances to be investigated are diluted in various 
degrees by moistening the tliin (knee) end of the sartorius with 
a pad of cotton-wool soaked in the fluid required, or by dipping 
the vertically dependent muscle into it. The effects are most 
striking with the application of highly dilute (1-2 
solutions of acid potassium phosphate, or a solution of meat- 
juice saturated with the same. After five to ten minutes’ per- 
si^nt action on tibid end^ the m uscle, the excitability 
to clo sure of the descending, and opening_oL the ascending, 
curren t is inyariablXipqre or less dminished, so that the mani- 
festations of contraction or _are conspicuously 

lessened, if the effective electrode is_sitiia^^^^^ end of the 

^uscle that is undergoing chemical alteration (26). it must be 
remaJEed^fiat here, as in the previous experiments, it is not 
complete cibolition, but only diminution, of excitability to one 
direction of the current, caused by local fatigue,” that ensues, 
so that strong descending currents will still excite a sartorius 
treated as above, although no perceptible movement of the muscle 
responds to the impact of a weaker descending current, even 
when its intensity is quite adequate to produce a maximal 
closure excitation in an ascending direction. 

From these results we must conclude that in all the above 
cases it depmds not so much upon the ojctual death of the contractile 
substance in any localised spot, as upon the conseyuemes of chemical 
alteratim in the same, whether, and to what degree, the closing and 
opening excitation hecome effective at the point of stimulation ; and 
this Is forced upon us still more by the fact that with local 
application of dilute solutions of salts of potassium, the normal 
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excitability to both directions of current is completely recovered 
after washing with 0*6 % NaCl solution in a short time 
(10-15 minutes). It need hardly be said that this is as im- 
possible after the application of substances which produce deep- 
seated chemical and physical changes in the contractile substances, 
e,g. sublimates, strong acids, alcohol, etc., as after mechanical or 
thermic destruction (26). 

The corresponding sodium salts, which are in such close 
comical relation with the salts of potash, exhibit a striking 
antagonism in their physiological effect upon striated muscle. 
We have already seen that the excitability of certain contractile 
substan ces '"^(spermatic "filaments,” ciliated cells) is considerably 
heightened by NagCOg in dilute solutions, and. in discussing the 
possibility of rhythmical excitation of striated muscle by the 
constant current it was pointed out that the effect was accentuated 
inli marked degree when the excitability of the 'katlwdic lend of 
tlm muscle was increased by treatment with Na^COg. If the 
pelvic end of an uninjured curarised sartorius dips into a 
0*5 1 % solution of this salt, the excitability of the 
muscle to the closure of weak ascending currents is seen after 
a short time to be extraordinarily augmented, while the descend- 
ing current still works quite normally, although break excitations 
are discharged with such low intensity of current and brief 
duration of closure, as would not occur in a normal muscle (26) 
(Fig. 89). 

Sometimes under these circumstances, with weak descending 
currents, the opening twitch is conspicuously delayed, so that 
the tolerably long latent period of the opening excitation may 
be observed directly without further artificial aid. Later on we 
shall encounter an analogous effect in the indirect (ixcitation ot 
muscle. The significance of these facts to the theory of current- 
action, and the law of polar excitation in particular, is as clear 
^ possi ble, and c^n hardly requme further^ exposition. Ihey 
atford as direct and sahent a proof that the electrical excitation 
of the muscle is a 'polar effect of current, as the previous experi- 
ments in tiine measurement ;^or if all the crpss-sectious^Qf the 
intrapolar tract were simult ane ously^ excited thore could never 
be such an extraordinary dispar ity i n the excitatory action of the 
two directions of current as is exhibited when a sartorius muscle 
that has been injur ed a t one end, or 
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J^aversed in its entire length by the current. We saw that 
excitation only remained unaltered when the effective elec- 
trode was at the uninjiired end of the muscle; in other cases 
it ca n be altered in a positive or negative sensejvh^^ 
is locally increased or diminished. If the electrical excitation 

of a muscle is once admitted to be a jpolar effect of current, it 
cannot be doubted that the magnitude of both closing and 
opening excitation must increase or diminish, as the excitability 



1 T i t 



Fio. SO. -'Twitch curve of sartorius fixetl from the centre in double myograpli. a, &, Normal; 
e, (I, after treatment of one ond with Na2Cl3 (upper end of the muacleX Enormous increase 
of IJxe ascending closure t^vitcll ; opening twitch with weak descending currents. 

of the contractile substance at the points where current enters 
or leaves the muscle, increases or diminishes. Whether excita- 
bility remains unaltered in all further sections of the muscle, or 
whether it alters in a negative or positive direction, is undoubtedly 
of great moment in the transmission of the excitatory process 
from its origin, but has not the remotest influence upon the 
intensity of the excitatory process discharged from kathode or 
anode. We may conceive a muscle with pai'allel fibres of equal 
diameter at both ends, having its cross-sections collectively 
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normal, and highly excitable, with the sole exception of the 
ends of the fibres on one side, at the point at which 
excitability of the contractile substance has been artificially 
lowered by any reagent ; we should then be theoretically justified 
in the expectation that on sending current longitudinally through 
such a muscle, the effects of the closing, as of the opening, 
stimulus, would in a marked degree be found to depend upon the 
direction of the cim^ent, since the same stimulus would, in tlie 
one case, act upon normally excitable, in the other upon 
“fatigued” substance. In proportion as the local depression 
of excitability is higher at one end of the muscle, the more 
plainly would the difference in the excitatory action of the two 
directions of current come into evidence. And further, the 
extension of “local fatigue” cannot fail to affect the conse- 
quences of excitation, as appears from the following considera- 
tion. If we picture the muscle as divided into zones oi equal 
magnitude, and assume that excitability is depressed in tlie end- 
zone only, while it remains normal in the othem, it must 
obviously be possible to find a stimulus of the right strength 
to discharge an excitatory process in the former, which will 
propagate itself by conduction, and thus bring about a perceptible 
change of form, either in the entire muscle, or at least in the 
proximal half of it. But the same minimal stimulus will fail 
to produce this effect if the excitability of the zones immediately 
adjacent to the terminal section is depressed in the same pro- 
portion. For in such a case the excitation, starting with the 
same strength as before, dies out within a very short areii, or 
gives rise to a weak persistent contraction only. 

Such a muscle as we have been imagining can, in fact, be 
produced artificially. With careful exposure it results from 
treatment of one or other end of the sartorius with weak solu- 
tions of certain salts {e,g, acid potassium phosphate, and meat- 
juice, the effect of which is probably due to these salts), which do 
not essentially alter the structure of the immersed section of the 
muscle, but pai’tially depress its excitability, giving the oppor- 
tunity of determining the correspondence between experimental 
data and theoretical conclusions. 

But the electrical current itself, by repeated closure with 
unaltered direction of current, induces still more completely 
a condition of the muscle, in which it reacts only in one, 
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and that the opposed, direction of current to the closure excita- 
tion, no external changes being perceptible. It can scarcely 
be doubted that this state also must be interpreted by local 
fatigue confined to the point at which current leaves the con- 
tractile substance, since there is no reason for assuming alterations 
of excitability in the intrapolar tracts, either positive or negative ; 
while, on the other hand, it is indubitable that the excitatory 
process at the (“physiological”) kathode occurs not merely at 
the moment of closure, but is also continuous, although as a 
diminishing quantity, during the entire passage of the current. It 
must therefore be taken as proven, that at least those tracts 
of the muscle, over which the persistent closure excitation extends, 
are more fatigued than the rest of the muscle, in which no 
manifestations of excitation can be detected duriog longer passage 
of not excessively strong currents. 

The difference between local and general fatigue of a muscle 
is very pronounced when the response of a muscle fatigued by 
tetanus is compared with that of one that has been polarised by 
the constant current. Uniform stimuli (single induction shocks 
are best), whose efficacy for the normal muscle has been tested, 
are sent into different points, and the difference in height of 
twitch before and after fatigue determined. In the first case the 
excitability of the entire muscle will be much diminished, and 
entirely abolished for weaker stimuli (that had previously been 
effective), while a polarised muscle reacts to stimuli acting 
upon its continuity, as well as before the passage of the current, 
although the closure of a current, in the same direction as 
the “polarising” current, produces no sign of contraction, 
when it happens to coincide in its point of exit. From 
tliis we may conclude that the cause of failure of excitation 
in this case is to be sought in alterations localised at the 
point at which the current leaves the muscle-substance, or in 
close proximity to the same. This also appears from the effects 
of closing a current opposed in direction to the polarising current, 
when the excitation wiU be discharged at the point which 
was formerly the seat of the anode. The closure twitch 
observed under these conditions in the polarised muscle is con- 
siderably greater than before the passage of current {voltaic alt&ma- 
tive). If this is correct, the effects of excitation by an induction 
current must vary according as it is sent longitudinally through 
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ii normal muscle, or through one that has been polarised, care 
l.>eing taken in either case that the points at which the current 
enters or leaves the muscle are not altered. For since it 
has been established by time -measurements that weak induction 
shocks set up an excitatory process exclusively at the kathode, 
we may advantageously apply this fact in investigating the ex- 
citability of the kathodic end of a polarised muscle, by stimulating 
it through its entire length. 

These experiments also demonstrate complete uniformity of 
response in a sartorius of which one end has been brought by 
the action of certain chemical substances into a condition of 
depressed excitability, and one that has been polarised by 
continuous passage of current with unaltered direction; the 
preceding discussion can be referred to in order to avoid 
repetition. 

In conclusion, it should be remarked that the manifestations 
of fatigue after action of the constant current arc usually 
the same as after injury to one end (heathig or chemical 
destruction of a muscle), since in either case a graduated 
diminution in magnitude of the twitches can be observed beh)re 
the total disappearance of the closure twitch, while the persistent 
closure contraction continues as long as possible. Little doubt 
remains therefore that the local depression of excitability — pro- 
duced in the one case by the resulting continuous excitation at the 
point where the current leaves the muscle, in the other by a 
variously expressed chemical alteration of the muscle-substance — 
is the sole cause that the muscle is not at all, or very little, 
excited when the current enters or leaves it ]:)y the end thus 
affected, while in other cases both closing and opening excitations 
follow normally. 

The following facts may be adduced as evidence of tliis 
X^roposition : in a preparation of sartorius it sometimes, though 
seldom, happens that the fibres remain contnicted at certain 
definite points, so that an idio-muscular ” swelling rises up, 
now in the middle, and now at one or the other end of the 
muscle. The first case is the most frequent ; whether it is 
connected with the hyper-excitability of the sartorius at the jioint 
where the nerve enters it, as remarked by Ktihne, must remain a 
moot point. Wlien the swelling is confined to the lower end of 
the sartorius, the longitudinal passage of the current expresses 

Q 
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itself by a marked reaction, Le. only the ascending current 
normally discharges the make excitation, while the descending 
current, which is usually more effective, either produces no 
excitation at all (with medium currents), or excites in a much 
less degree than the ascending current. Hermann (28) succeeded 
in establishing this fact of “ polar negative action at the idio- 
muscular swelling on a still firmer basis, by experiments with 
cooled muscle. The same thing occurs where all trace of local 
contraction has already died out; for the latter disappears in 
some cases by itself, more especially when the muscle is immersed 
in 0*6 ^ salt solution. Here, as in the persistent closure 
contraction due to the constant current, a state of depressed 
excitability at the seat of the idio-rauscular contraction must 
have intervened, from the partial continuous excitation consequent 
under certain conditions upon a mechanical excitation (extension), 
which is indeed a necessaiy consequence of the fact that every 
excitation is accompanied by metabolism. 

We have already mentioned repeatedly that the response of 
a sartorius, of which one end has been kUled mechaniciilly or by 
heating, to the electrical current, can be satisfactorily interpreted 
on the hypothesis of a localised diminution of excitability at the 
seat of stimulation, and we have now to examine the data for this 
conclusion. 

Since it is a well-substantiated fact that an uninjiu'ed muscle, 
surrounded on all sides by the sarcolemma, is excited each time 
an electrical current passes out at any point of its surface, and 
since, further, the nature of the conductor by which the entrance 
or exit of the current is effected is experimentally indifferent — 
apart from the unavoidable polarisation of metal electrodes — the 
response of a muscle injured at one end seems at first sight to 
be an exception to the general rule. Here we find tliat both the 
closing and opening excitation are usually wanting, or appear 
much weakened, when the current passes from living un- 
injured, into dead, muscle-substance, or mrsd. It is easy 
to demonstrate that the dea d con tractile substance p(^se reacts 
to current like any other animal tissue (tendon, bone, "etc.)^^^ 
lieliaves as an indifferent conductor; the clay points of unpolans- 
jble electrodes can be covered with dead muscle, and current 
^d throhgh them to the uninjured suriace of a muscle, wi^^ 
causing any hindrance or difficulty to the excitatory process. 
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Xh6r6^ in the continuity of a muscle, be some 

specifi c relation the limit lehoeen dead and living 
is capable of inbibiting excitation. 

ITm simple experiment of reversal of current proves that 
the total Cii^talyil/iiy of" ffie muscle is not injured by destruction 
there is reason to suppose that excitability 
immediate proximity of an injured part is more or less 
This appears indeed to be contradicted by the 
expernneiit of bringing the epiphysis of the tibia (or of the 
pelvis, it the upper end of the sartorius is injured) into relations 
of conductivity with some point on the surface of the muscle, by 
means of a bridge of salt clay, beyond the injured part ; tlie 
muscle will contract almost as sharply at closure of a descending 
(or ascending) cuiTent as before the injury: but it must be 
remembered that, according to all probabilities, the condition oi* 
acute depression of excitability is confined to the immediate 
proximity of the point injured; at all events this must occur 
immediately after the ends of the fibres have been crushed on tlie 
one side. That excitability must, generally speaking, he diminished 
at the border between dead and living fibres, follows from the 
fact that the process of dying invades the entire length of a fibre 
continuously, when once it has been introduced at any point; 
accordingly dead and living fibres are never in immedicUe juxta- 
position, but the section of the muscle that has been structurally 
disturbed by the attack, and killed, must in the adjacent sections 
initiate every possible process of dying, and correlative state ol‘ 
excitability, as has already been pointed out by Hermann.^ 

If it is true, as stated above, that the e^elension of “ local 
fatigue ” is important in determiiung whether an electrical 
stimulus of given magnitude does or does not produce change 
of form in the muscle, we may presume that the slow dying 
of one or the other end of the sartorius, on immersion in warm 
water, depresses the excitability of the muscle to one direction 
of the current more completely than simple mechanical injury : 
it cannot be doubted that the local, slowly-increasing eflect of rising 
temperature is able to produce complete gradation of excitabilit}’ 
in the sections of the muscle proximal to the section in heat- 
rigor. This view is confirmed experimentally {swpra). 

^ Hermann, Wdterc Unters. z. Phys. d. Kci'vcn n. Ahiskcln. Berlin, 1867, 
p. 5 f. 
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The universal validity of the law of polar excitation being 
thus unequivocally established in the case of striated skeletal 
muscle, there is a prioH no doubt of its further applicability 
to cardiac, as well as to smooth, muscle. In view of the structure 
of the heart (consisting, like aU other smooth muscle, of innumer- 
able cells in close juxtaposition, connected together by cement- 
substance), the question may fairly be asked, what — relatively 
to the previous definition — must here be understood by the 
physiological anode or kathode ? ” To take a simple qai^e^Jif we 
imagine a strip composed of parallel fibre-cells, as is approximately 
shown in a preparation of molluscan adductor muscle, we may 
expect such a preparation when traversed longitudinally by 
current to behave like a polymerous, cross-striated muscle, the 
several parts of which must be regarded anatomica^^ and 
physiologically, as independent individutils. This is well exhibited 
in the M. rectus abdominis of the frog. If current "is seiit 
throug h this muscle, when it has been exposed and sTfetched 
between twd^coWs7tfiere‘ls,'i^^ expected, at and during 

closure, on the. anodic side of each tendinous intersecti(m_(if ex- 
amined with transmitted light under the magnifying lensXa_cieitr 
and sharply-delimitated swelling of the ends of the fibres corre- 
persistent kathodic closure contractiom It 
disappears at the moment of breaking the circuit, event ually 
making way for persistent anodic opening contraction on the_ 
other side of the intersection. It course that the clqsiiig 

and opening twitch of each part must proceed from the ^jgame 
point 

The^whple segmented^ m^ will thus be excited at as 

many points in its continuity as it has divisions, since ei^h 
elenient of the^ muscle circuit has its kathode and anode re sp^ - 
ive ly. And if the adjacent cells of the heart, or any^other 
smooth muscle, conduct theiiiselves like _ the constituents of a 
polymerous muscle, and if the interstitial, or cement, substance 
plays the same part as the tenduipu^^i^^ may b e pre - 

sumed that the electrical current will produce excitation at 
closure (dr opening) at as many points in the continuity ofThe 
tract as thei^ are cells present For obviously the latter ^^^d 
ea^ have their proper kathode and anode, so that, in conse- 
quence jof the inferior length of the cell ereihem^^^^ que stion , 
tKe^excitation (contraction) would in fact begin simultaneously at 
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iimmnerable p oints of the whole area travelled. Experimontally , 
however, th e reaction of such a imiscie, constructed of 
cells, in n o way corresponds with this theoretical process." We 
have learned from Engelmann’s classical experunents that the 
ureter, like the heart, conducts itself re both transmission 
of the excitatory process, and polar excitation by the electrical 
current, “ like a single, gigantic, hollow muscle-fibre.” This in'oves 
once mo re thaJb the^emen^subst^^ does not separate the cells 
forming indifferent^ partitioir wal^^^^^^^ 
bring s al^ut the continuitx of the substance. A series of 
muscle-cells, mth the ends abutting on each other, and traversed 
longhudii^ react towards it as a single 

muscle-fibre, and the connective substiince would no more form 
secondary kathodes and anodes than the transverse discs within 
ttie striated fibrils.^ In the one case, as i n t he other, there u 
'physiological continuit y of This can be proved experi- 

mentally, both in cardiac, and in various instances of smootli, 
muscle. If the ventricle, separated from the auricle, of the 
frog^s heart (the '' cardiac apex ”), is used as the object of experi- 
ment, the asymmetrical form of the preparation entails the same 
result as in the sartorius, i,e, the density of current 0 ]i direct 
application of the electrodes to either end (apex and Ixise) is very 
unequal. It is therefore advisable to immerse the apex, accord- 
ing to Engelmann’s method (27, p. 201), in an excitation chamber 
filled with indifferent fluid, so that there is approximately equal 
current-density at every point of the preparation, so long as the 
current is passing. Engelmann employed a glass vessel 13 cm. 
long, 4 cm. wide, and 3 cm. high, filled to about 1-^- cm. with 
a dilute solution of NaCl (0*5 and gum arabic (2 ^), 
which the electrodes dipped into. On clo sing a battery 
cuiTent, or sending in a single induction shock, it is found tliat 
ifTEe^^^^xis of the ventricle lies parallel with the lines of 
current, the cut surface being vertical to the same, ascending 
quirents (i.c. from apex to base) fail to excite immediately, or 
soon after making the section, or at least excite less effectively 
^qn descending currents. After a few minutes, however, tbe 
excitability to ascending currents reasserts itself, and rapidly 
increases, sinking again to z^o if the section is freshened. The 
some dependence of excitation effects on direction of current ap: 
]^ra"aIso1aI?er in^^ to pn^or the jotker lateral surface of the 
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preparation, provided it is so arranged that the cut surface ^ i s 
perpendicular to the direction of current. 

Tor the sake of hrevity, we may, with Hermann, denote the 
direction of the exciting current which lies towards the cut 
surface atterminal'' ad'imrtaV), the other as ahUrmiiuiT' 
C' cih7mrtal/y. JThe reaction observed may then be shortly 
expressed as i(^ oyN^—Immediaiely 'af(^r^ tlu c^diac ^ 

clomre of cdtermincd currents is ineffective, while under 
sj^lar coivditions the closure of cdteimMud currents is excitatory. 
Obviously we have here a compEfe^Sml^y^^'t^^^ tlie fesp^onse of 
the ^rtorius of^ which one end has been injured (or otherwise 
chemically altered), and the same conclusmns may be deduced in 
both cases. In the first place, experiment proves convincingly tliat 
the contractions of the heart with electrical excitation proceed 
exclusively from the spot where the current passes from the living 
muscular tissue into the foreign medium beyond it, whether this is 
salt solution or dead muscle-substance. This represents the physio- 
logical kathode of the preparation, and here alone can the make 
excitation originate. On this presumption only does the effect 
of local injury upon excitability to closure of atterminal currents, 
with failure of effect upon excitability to abtenninal closure, 
become intelligible. It holds good, however, for the apex of the 
heart, which consists of innumerable irregularly fused cells, just 
as much as for the approximately parallel -fibred monomerous 
sartorius. 

In both cases the excitation propagates itself at closure over 
the whole surface of the muscle, from its point of dei)arture, by 
conductivity (from cell to cell), the exact seat of the kathode on 
the surface of the preparation seeming to be quite indifferent, 
while the excitability of the points affected has, on the other 
hand, an important influence on the consequences of excitation. 
If the current leaves by an injured point, excitation takes place 
at a less excitable spot, and the effects can be interpreted just 
as in sartorius, under similar conditions. The only noticeable 
difference is the r^id restoration of normal reactionsr Engel- 
manh explains this naturally by the assumption that the single 
^ells, though cqnnec^d by relations of con^ctmty with their 
neighb ours while living, singly, each to itself ; Jin other words, 
the proce ss of dyinjg^ does not pass over from cell to ce ll lik e 
that of excitation. _ Where the . Buper„^ al cells are qu ite dead, 
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the kathode n o longer Mis at of nioribund, ix, less 

excitable, muscle-substance ou the one hand, and suiTouuding 
fl uid o r deaid^TI-substance on tli^other, but lower down at the 
T^order of living and dead cells, ix^a£jTi^de7nm^^^ 

Every polyinerous striated skeletal muscle, as can easily be 
demonstrated, exhibits the same reaction. The consideration of 
the electromotive action of the heart (infra) further confirms 
this theory. Another method of demonstrating the law of polar 
excitation on cardiac muscle, when it is totally uninjured and 
remains in diastolic relaxation, is the so-called unipolar dwinla- 
tion. Since excitation by the electrictil current depends in the 
first place upon its density at the point of iiigi*ess or egress, it is 
prinia faxie evident that the diminution of the same at one pole, 
witli simultaneous maximal increase at the other, may furnish an 
explanation of the law of polar ciuTent action. Thus, indeed, as 
was pointed out by Kiihne ( 28 ), we may obtain an electrical 
excitation as weak as that formerly produced by mcchanictrl 
excitation. If two punctiform leading-in electrodes are imagined 
upon tlie surface of any conductor, the whole interior of the 
same will be traversed by lines of current, whose density is 
greatest at the point of conhict, and slowly diminislies outwards. 
And if by employing a flat electrode, the density, and consequently 
the efficacy, of the current is rendered minimal, or negative, at 
the point where it enters, or leaves, the muscle, the other elec- 
trode only will finally remain effective at the point of contact, and 
may, as it were, be localised by limiting the surface of the con- 
tact as much as possible. If, for example, the skin is removed 
from the ventral surface of the thigh of a curarised frog, 
the broad surface of one (the iudiflerent) electrode being 
applied to the skin of the throat, while the other, the finest 
possible pencil electrode, is in contact with any point of the 
moist surface of the muscle, characteristic effects of excitation 
appear, which differ widely, according as contact is effected at the 
kathode or anode. In the first case, on sending in a weak 
current, the bundles of fibres immediately under the point of the 
electrode may be seen to contract at the moment of closing the 
circuit, producing for a moment a small longitudinal furi’ow on 
the smooth, even surface of the muscle, while at the actual point 
at which contact is effected a small, sharply-defined transverse 
swelling appears, which — provided the contact is unbroken 
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persists unaltered throughout the entire period of closure. We 
cannot doubt this to be a persistent kathodic closure-contraction. 
If the intensity of the excitation current is strengthened, both the 
twitch and the continuous contraction increase also, although the 
latter never loses its localised character. This appears most 
clearly if (as above) marks arc aihxed to the surface of the 
muscle, which, by moving in opposite directions during contrac- 
tion, are a measure of its spatial extension. The muscle investi- 
gated may, be painted with sepia bands at right angles to the 
direction of tlie fibres, so that the distance between each two 
lines, drawn with a fine bristle, is about ^ mm. Every contrac- 
tion thus defined expi'esses itself therefore by a more or less 
conspicuous decrease in one or several cross -bands, or tlie 
uncoloured spaces between them. Within those tracts of the 
muscle, on the other hand, which are only passive factors, the 
coloured cross-bands, though variously distorted, do not become 
smaller. It is undeniable that with the unipolar method of 
excitation, as described (where the lines of current do not, gener- 
ally 8])eaking, pass in and out through the natural ends of the 
muscle, but traverse the fibres in the most opposite directions, 
oblique and tranverse, — which must partially aflect the current 
action), the conditions of experiment are less easy to summarise 
than with the customary bipolar method, and the results, 
e.g., in regard to the possibility of action from secondary 
kathodic or anodic points in the proximity of the exciting 
electrode, often hard to interpret. Still this method has its 
advantages in many cases where the bipolar method could not 
well be brought into application. This occurs emphatically 
in many smooth muscular parts, and nob less in cardiac muscle, 
where the complex and intricate course of the fibres makes it 
a •priori impossible for the current to traverse aU the individual 
elements longitudinally. The cells thus fitted together in all 
conceivable directions would more probably be traversed by the 
lines of current in the most various directions, and at widely- 
divergent angles. But as shown by the above, this is of little 
importance to the final consequence. If the ventricle of the 
frog’s heart is arrested in diastole, according to Bernstein’s 
method, by squeezing it away from the auricle, it appears filled 
out with blood, and reacts to every mechanical stimulus by 
a powerful total contraction. If, once more, the broad electrode 
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of the battery current is applied to any inditi'erent part of the 
frog's body, while the other is in contact with the surface of 
the ventricle, the closure of the circuit will, on stimulating with 
a just effective current, without exception excite only wlien 
contact with the heart is made by the kathode, never when it is 
formed by the anode ; sometimes, however, the opening (at least 
after a long closure) will also be effective. And if the validity 
of the polar law of excitation is thus incontestable for cardiac 
muscle, it can be demonstrated in appropriate cases for smooth 
muscle ajso. 

As such, we may refer, inter alia, to the adductor muscle of 
Anodonta, of which the response to current has already been fre- 
quently quoted, and which, from its generally-speaking regular and 
parallel-fibred structure, presents the best comparison with the 
frog's sartorius. It was said above that a preparation of the 
adductor muscle, as free from tonus as possible, persists in a 
shortened state during the entire passage of the current. Hie 
merest inspection will suffice to show that neither at closure nor 
opening (where the latter is effective) of the cuiTcnt does the 
cntio'e intrapolar tract become persistently and uniformly con- 
tracted, but in the first instance the kathodic, in the second the 
anodic, half will be mainly affected. Undoubtedly this is a 
phenomenon analogous with that of the transversely striated frog’s 
sartorius, where the corresponding localisation of the closing, or 
opening, persistent contraction has long been known, and has 
always been regarded as substantial confirmation of the law of 
polar excitation by the electricjil current. More exact conclu- 
sions are obtained from the application of the graphic method 
recording the separate contraction of either half of the muscle, 
which is possible here as in the sartorius, by fixing the centre of 
the muscle. But while in striated muscle, as a rule, at the 
moment of closure, as also eventually at break of the cur- 
rent, a wave of contraction is propagiited from the kathode, or 
anode, with great velocity through the entire length of tlie 
muscle, producing on either side of the fixed centre an approxi- 
mately equal twitch at closure or opening, in molluscaii muscle 
we find only a more or less localised persistent contraction, 
corresponding with the persistent closing and opening con ti fic- 
tion of striated muscle, which, like these, fails altogether if the 
entrance or exit of the current is effected by a layer of dead con- 
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tractile substance (3). Of this the accompanying curve (Fig. 90) 
gives sufficient evidence. As in cardiac muscle, the striding 
disparity of effect between the two directions of current immedi- 
ately after the injury equalises itself by degrees, and at last 
becomes imperceptible. The explanation here again must be 
sought in the independent dying of each fibre-cell. 

If these conclusions from the adductor muscle of Anodonta 
are in almost complete conformity with the polar effects of current 
in striated skeletal and cardiac muscle, this is not equally true of 
other parts composed of smooth fusiform cells, in which excita- 
tion with the constant current provokes a series of manifestations 
differing in many respects (at least at first sight) very widely. 


K 

A 


Fio. 90.-“Locali8atioii of persiatont closure contraction at tlio katl)oile (K) on exciting the 
adductor muscle of Anodonta. S=clo8uro ; O = opening. 



and thus suggesting that the polar law of excitation may not be 
rigidly applicable to all kinds of muscle (31). 

Witliin the integument of Holothuria, along the entire length 
of the body, there is a beautiful series of longitudinal muscle- 
bundles, with parallel fibres, in the form of five flat bands, com- 
posed of solitary spindle-cells, pointed at either end, which, after 
the animal (R, Poli) is opened, appear as pale, or pinkish, and 
transparent strife. Many thinner and finer bands of circular 
muscle run between eacli two longitudinal muscle-bands, form- 
ing a complete investment of the body at right angles to the 
latter, and, like them, consisting of spindle-cells. In the muscu- 
lar integument, when split up lengthways, and properly stretched, 
the longitudinal muscle -bands may easily be isolated in their 
whole length, or in portions only, by passing a probe under one 
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end of the muscle and pushing it along the muscular band, 
pressing it against the attachment. Excitation experiments can 
then be tested on this isolated and freely -stretched l)and of 
muscle, just as in the muscle of Molliisca. In every instance 
the protracted tonic contraction into which these muscles 
usually fall, more especially after mechanical injury, is very 
disturbing ; but after a period of rest under sea-water relaxation 
sets in again sufficiently to make experiment possible ; a certain 
degree of tonus, however, persists and must be taken into considera- 
tion. If two fine pencil electrodes are then applied simultane- 
ously to two points, not too close together, of a longitudinal 
muscle-band, lying in sitn or stretched between two corks, or if 
one electrode is laid on some indifferent part of the preparation, 
the other only being in contact with the muscle, tliere wiU, in 
either case, be characteristic changes of form at the points where 
current enters or leaves the muscle, differing widely at the two 
poles (29). 

As soon as the circuit is closed, a small transverse swelling 
arises at the kathode, exactly under the electrode in contact, and 
extends thence at right angles to the direction of the fibres ; 
under some conditions (not too weak a current) this swelling 
spreads over the whole breadth of the muscle-band, and stands 
out sharply from the region round it. This “ idio-muscular,’^ 
kathodic swelling persists during the period of closure, and (what 
is specially remarkable) never spreads beyond the point where it 
originates. The total shortening of the muscle-band produced by 
the localised contraction is always insignificant, since it is essen- 
tially only the part of the muscle immediately adjacent to the 
exciting electrode which contributes to the local expansion. It 
also depends, of course, upon the strength of the current used for 
excit^ition, so that within a certain range the kathodic swelling, 
.which undoubtedly corresponds with the persistent closure con- 
traction of striated muscle, increases with the strength of tlie 
current, and then includes a larger tract ot the muscle. With 
very weak minimal currents the upper layers of fibres only con- 
tract locally, so that the kathodic swelling does not extend over 
the whole thickness of the muscle. In all cases the sliarp delimit- 
ation of the kathodic continuous contraction is very remarkable, 
— it rises in a crest, descending sharply on both sides to the 
surface of the muscle. 
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The excitation effects produced under similar conditions at 
the point where the current enters are quite diflerent. Here at 
the point where the anodic electrode is in contact with the smooth, 
even surface of the muscle, a more or less profound canal or furrow 
arises at make of the current, and runs transversely over the 
muscle; its length and breadth correspond more or less with 
the transverse swelling, which appears, or (with unipolar excita- 
tion) would have appeared, under the same conditions at the 
kathode. It is easy to see that the bulk of the muscle is pushed 
over from the anodic side at the moment of closure, and, as it 
were, flows away, while on either side of the hoUowed canal a 
swelhng rises up, of similar aspect to the kathodic continuous 
contraction. ITie changes of form in the muscle which ensue 
may therefore be characterised as a deep hollow, rising up under 
the electrode, marked off on either side by a transverse swelling. 

Under certain conditions yet to be considered, it appears as 
thougli the two swellings were formed solely from the muscle- 
substance dragged away from the anode. But if the experiment 
is made with fresh, excitable preparations, it will be found, with- 
out exception, that a conspicuous contraction a,ppears on both sides 
of the anode, and extends over comparatively wide tracts of the 
muscle; it is most evident in the immediate proximity of the 
hollowed canal, and decreases on both sides of it. In other 
words, at make of the current the muscle elongates itself close to 
the anode by relaxing, while in consequence of the excitation 
produced in the surrounding region, the muscle-substance presses 
in towards the relaxed point. In this way there is often for the 
whole muscle a more considerable, and always much more im- 
portant, shortening, than in kathodic excitation. 

Since the fiat longitudinal muscle-bands of Holothuria are 
tolerably broad, the excitation effects described above can only 
appear in one part of the fibres, when the electrode points are 
applied to the centre of the muscle. The changes of form are, 
however, much more striking, and can be seen at a greater dis- 
tance, if the muscle is lightly stroked with the brush electrode at 
right angles to the direction of the fibres. 

The same manifestations (as on the electrical excitation of 
the longitudinal muscle-bands) appear in the thin bundles of the 
circular muscles, although they are less striking owing to the 
greater delicacy of structure. If a perfectly level point of the 
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surface is brought into contact with the kathode, a small longi- 
tudinal swelling springs up under the point of the electrode as 
soon as the current is made, its long axis lying perpendicular 
with the course of fibres in the muscular bundle excited. The 
whole manifestation is indisputably the same, in a less degi'ee, as 
the persistent kathodic contraction when a longitudinal muscle- 
band is excited. 

In both cases there is the striking demarcation of tlie swell- 
ing, as well as the inconspicuous total contmction of the muscle, 
due to local excitation. In contrast with this, the total contrac- 
tion of the ring-muscles is very marked with unipolar stimulation 
from the anode. Careful gradation of current and a fine-pointed 
brush electrode are essential in order fidly to determine the con- 
trast of excitation efiects in circular and longitudinal muscles in 
this case also. If a single bundle of circular fibres is excited in 
the middle, between two longitudinal muscle-bands, the most 
striking appearance on closing the current is the formation of a 
furrow running parallel with the direction of tlie fibres, tlic 
origin of which is easy to explain from the sharp contraction of 
the excited fibres. With artificial enlargement, it is easy to see 
that the muscle-fibres immediately under the point of the anode 
do not take part in the contraction, but (as in longitudinal 
muscle under corresponding conditions), a more or less well- 
marked canal is formed, running transversely to the fibres, at 
either side of which the muscle-bundle shortens. Sometimes 
the transverse swellings which mark off the canal on either side 
stand out quite clearly ; yet it always requires close observation 
to detect an appearance, which is obvious wlien the longitudinal 
muscles are excited. Wliile in the latter, with anodic excitation, 
total contraction tends to disappear in favour of h^cal changes of 
form owing to the great length of the muscle-bands, the oxacjt 
opposite occurs in the small short bundles of circular fibres, in 
which the total effect is more striking than the local changes. 
This is best studied at points where, from the contraction of the 
surrounding parts and consequent folding over oi the membrane, 
or from pronounced total relaxation, individual parts stand out 
in a blister. If contact is made with the anode at such a 
part, where the circular fibres appear curved convexly outwards, 
closure at once produces a segmental constriction, parallel with 
the fibres, and recalling the similar effect produced under analogous 
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conditions in the intestine, more particularly in the colon of 
Herbivora. This, however, obviously makes any exact investiga- 
tion of the local changes arising at the point of contact itself as 
good as impossible. With kathodic stimulation, on the contrary, 
they are very apparent, inasmuch as a small, but sharply-de- 
fined, transverse swelling is formed, with only minimal total 
shortening at the point where the current leaves the muscle. 

The smooth masticatory muscles of Echinus esculentus exhibit 
a no less remarkable and characteristic response to electrical 
excitation with the galvanic current, the reactions, moreover, 
being much more raxnd than in Holothurian muscle (29). The 
calcareous skeleton of the so-called lantern of Aristotle consists 
of five symmetrical segments, each again consisting of several 
pieces. The segments are joined together partly by bands, 
partly by very strong muscles, which are partially very 
regular in structure. This is in particular the case with the 
five very short, but quite parallel-fibred muscles, which at the 
inner basal surface of the lantern connect the five, long, movable 
chalk ribs, that run out radially from the central oesophageal 
cavity towards the periphery, where they curve down over the 
lateral surfaces of the lantern. Besides these five muscles, 
which form a closed ring, and are each, in large specimens, 1*5 
cm. long, and about 4 mm. broad, the other larger muscles, 
which are inserted into the jaws, and move the teeth set into 
them, and also fill up the intermediate space between, are very 
convenient for experimental purposes. No especial preparation 
is necessary for the first orientation experiment. It is sufficient 
to divide the sea-urchin with scissors into an upper and lower 
half, breaking away as much of the sliell from the oval part 
containing the lantern as will give convenient admission to the 
electrodes. After drawing the teeth with forceps, the membranes 
that partly cover and partly connect the muscles must also be 
removed, and the preparation is then sufficiently ready for 
experiment. If it is now dipped in a vessel of sea- water, which 
is as indiflerent for these muscles as for those of Holothuria, so 
that only the base of the chalk pyramid with the ring of muscle 
projects freely, and any point along any one of the five muscles 
is brought into unipolar contact with the fine-pointed kathode, 
while the other unpolarisable electrode dips into the water of the 
vessel, the formation of an idio-muscular swelling will be even 
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more elegantly demonstrated than in the ‘ longitudinal muscles 
of Holothuria. With appropriate gradation of strength of 
current this appearance can be seen at every possible stage of 
development. The transparent nature of the smooth tliin 
muscles, as well as their promptness of reaction, are very favour- 
able, and it would be difficult to find any other object in which 
the local manifestations of excitation at the kathode can be so 
elegantly demonstrated. The contracted part stands out with 
extraordinary sharpness and plasticity from the surrounding 
region as a pale opaque bleb with a peculiar dull lustre ; it rises 
quickly upon closure of the current, remains unchanged during 
its passage, and only sinks down again gradually wlieii tlie 
circuit is opened. If a minimal current is used for excitation, 
the contraction appears more and more localised to the immediate 
proximity of the point of exit, gaining in amplitude with in- 
creasing intensity of current, until finally the kathodic bleb at 
the electrode spreads over the whole extension of the muscle in 
the form of a knotty swelling, and as the muscle-substance is, as 
it were, drawn up on either side to form this swelling, a not 
inconsiderable shortening of the entire muscle follows. Hut it is 
never so strongly marked as with unipolar anodic excitation. 

In this case, when the current is closed, a marked totfil con- 
traction of the whole muscle makes its appearance, so that the 
movable points of insertion are brouglit as closely together as 
possible. 

The muscle appears tensely stretched, and at first seems to 
be uniformly shortened at every point. This last effect is very 
striking in view of the reactions previously described for 
kathodic excitation. There is in consequence not merely no 
strong local contraction at the anode, but on applying somewhat 
stronger currents there is an actual interruption of continuity in 
the muscle. If the electrode (anode) is brought into contact 
with any point of the free, sharp edge of a muscle, the latter 
extends itself considerably at closure, and before long a thin 
transparent point will appear at the electrode (under the magni- 
fying lens), upon which the fibres next in contact to it break 
away, and curl back on either side. If the electrode is advanced 
the whole muscle will sometimes break up transversely, the 
fibres breaking away from the part in contact, in proportion as 
the layers are disturbed deeper and deeper. 
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The key to this somewhat startling fact seems to lie in the 
reaction of the Holothurian muscles, as described above. We can 
hardly doubt that in both cases there is complete conformity in 
regard to kathodic effects of excitation. But even the seemingly 
divergent effects in unipolar anodic excitation of Echinus muscles, 
must really be traced back to changes analogous with those 
so clearly expressed in the longitudinal muscles of the Holo- 
thurians. Here at the very entrance of the current we found a 
local relaxation, marked by the formation of an attenuated part 
from which a contraction that is well marked in fresh speci- 
mens develops on either side, and produces a considerable total 
shortening of the muscle. Now if a short, fine muscle oi* identical 
or similar properties were stretched between two points of in- 
sertion, which in contracting can only be approximated within 
certain limits, the effect of the kathodic closure excitation would 
obviously be the same as in the yielding attachment of a Holo- 
thurian muscle. 

With unipolar anodic excitation the ellect is, however, quite 
different. If the current enters at any point along the muscle, 
and local relaxation appears after closure, or if the part in con- 
tact remains unexcited while a marked contraction occurs on 
either side of it, there must obviously, if the point of insertion 
cannot be further approximated, be an interruption of continuity 
at the point of least resistance. 

The tearing apart at the anode would on this assumption be 
referred to the fact that in unipolar anodic excitation of the 
muscle, relaxation occurs at the contact itself, but there is a 
marked condition of tension on either side if the muscle, on 
account of the given mechaniail conditions, is unable to contract 
further. This is also the reason why Echinus muscle stimulated 
in situ does not, like Holothuria, exhibit a deep canal with walls 
rising round it at the anode, but only a tension which is appai*- 
eiitly uniform at every point. 

The two last cases also interpret those more complicated 
instances, where, e.g,, in the muscular integument of many worms, 
and also in the intestine of vertebrates, two systems of smooth 
musclc-ccUs lie superficially directly over each other, so that the 
direction of fibres in both is at right angles (30). If a large 
earthworm, paralysed with dilute alcohol (5 to 7 per cent), is placed 
on a leading-off .^tage, which is constructed of several layers of 



Ill 


ELECTRICAL EXCITATION OF MUSCLE 


241 


filter-paper or salt clay, and is in contact with one (the indifferent) 
electrode, while the other (a fine brush electrode) is placed on the 
centre of the dorsal surface of one of the broad segments at the 
anterior end of the worm, a sufficiently strong current — given 
maximal paralysis of voluntary movements and reflexes — will 
throw the segment in direct contact (and that segment only) into 
circular constriction, in which state it will persist as long as the 
current remains closed. If the current is strong and the ex- 
citability of the muscle high, tliis constriction (produced l)y 
contraction of the circular muscles) may almost obliterate the 
lumen of the body-cavity, thus of course producing more or less 
passive distortion of the surrounding parts, and of the immediately 
contiguous segments in particular. The excitation effect, however, 
remains localised in the segment in direct contact, and there is no 
propagation of contraction in the form of a peristaltic wave. 
But along with this passive contraction of the adjacent portions of 
the muscular integument, there is rarely wanting an active 
decrease in height of the contiguous segments, due to the coiitmc- 
tiou of the longitudinal muscles, which is most strongly marked 
in the immediate proximity of the constriction, and gradually 
diminishes outwards, so that it is never perceptible at the 
whole periphery of the segments affected, but only at the side 
corresponding with the seat of excitation. Hence we must be 
dealing with a unilateral contraction — ^mainly active, but in part 
passive also — of the body-rings adjacent to the anodically excited 
segment. The proof that this is a genuine shortening of the 
longitudinal muscles (apart from the spatial extension of the 
changes produced at either side of the circular muscle contrac- 
tion, which may be very considerable) lies unquestionably in 
the important decrease in height of the segments affected, and 
the only doubtful point is how the dii*ectly excited segment 
itself reacts under these conditions. It is 'pHma facie evident 
that there is an often maximal excitation of the circular 
muscles, while perceptible shortening of the longitudinal muscle 
on the other hand is everywhere absent. This cannot perhaps 
be determined only from the fact that there is no apparent 
decrease in the height of the muscle-segment concerned, since 
the two layers of muscle work antagonistically both in regard to 
changes in length (height), and in breadth, of the segment, but 
on the other hand it is indisputable that cases may be observed 
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in which the contraction of the circular muscles is com- 
paratively less developed than the contraction of the longitudinal 
muscles, on either side of the ring in contact with the anode, 
so that the latter is only constricted in an inferior degree ; 
nor does the height of this segment diminish, although this is 
in a marked degree characteristic of the neighbouring segments. 
Moreover, there is another feature in every case, which seems 
to be of importance in the conception of the anodic effects of 
excitation. 

If the contraction of the circular muscles is pronounced, the 
excitation appears to be developed with approximate uniformity 
at every point of the muscle-ring, as though the process of 
excitation, contraction, starting from the anode, was trans- 
planted on either side from section to section. This idea at 
once suggested itself from an unprejudiced consideration of the 
effects of excitation. But if the ring-shaped constriction is not 
maximal, so that the j)art of the segment in contact with the 
anode remains visible, it can usually be seen (at least under 
the magnifying lens) at the actual point where the current enters, 
as well as in the immediate proximity, not only that the 
contraction of the longitudinal muscle is wanting, but that there 
is not even any perceptible contraction of the circular muscles. 
This is especially plain when the surface of the worm has dried 
from evaporation, and consequently become less elastic. It then 
appears very elegantly that fine cross -wrinkles arise from the 
involution of the epidermis on the surface of the contracted 
ring ; these are plainly visible at either side of the electrode, but 
fail altogether in the immediate proximity of the anodic contact. 
The electrode must be only just moist in this experiment, so as to 
avoid wetting the seat of excitation. In every such case a directly 
relaxing (inhibitory) effect of tlie anode may be demonstrated, 
if the contact is pushed, during closure of the current, towards 
any point of the excited segment in which the contraction has 
already produced obvious transverse wrinkles. As soon as such 
a spot is brought into contact with the anode it begins to smooth 
itseK, and gives the impression that — notwithstanding the con- 
traction of adjacent parts of the muscle-ring — relaxation and 
lengthening occur at the actual seat of contact. It is by no means 
rare in longitudinal as in circular muscles, to find this failure 
of contraction at the anode itself, still more plainly marked by 
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the formation of a little suiierficial dint or hollow, the origin of 
which can be easily explained. It is obvious that when no 
excitation occurs at the point at which two muscle bundles of 
equal breadth cross at right angles, while, on the other hand, the 
arms of the cross beyond the juncture do contract — the more 
strongly in proportion as the section is applied nearer the 
crossing point — a quadratic hollow, bordered by four large swell- 
ings of equal dimensions, must be developed. An exact dia- 
grammatic representation of this effect in the excited segment of 
the worm is from anatomical reasons obviously impossible, but it can 
often be seen that the segment in contact with the anode is drawn 
in at that point, and appears to be surrounded by bulging walls, 
which must be referred partly to the portions of the circular 
muscles contracting upon themselves in the segment, partly to the 
equally shortened longitudinal muscles of the next adjacent 
segment. 

The whole effect can often be brought out more strongly if, 
with the current closed, two contiguous segments are repeatedly 
stroked at right angles to the direction of the fibres with the 
brush electrode, upon which both the unexcited surface and the 
area of contraction become larger, and stand out more sharply 
from one another. 

Most convincing of all, however, is the local inhibitory effect 
of the anode {supra) at those points, where either tlie longitudinal 
or circular muscles, or both, seem for some reason to be per- 
manently contracted. The local relaxation of both systems of 
fibres at the segment in direct contact is then very jdain, and 
quite unmistfxkable. 

The changes at the kathode are no less striking than at the 
anode, when the muscular sheath of Lumbricus is excited electiic- 
ally during closure. It would almost be sufficient to sfiy that 
they express themselves by a direct antagonism, Imt it is advisable 
to describe them a little more in detail. 

If attention is directed solely to the segment in contact with 
the electrode, the antithesis of the anodic and kathodic excitation 
effects is very striking, and would (without minute examina- 
tion) surest that with closure of current at the anode tlie 
circular muscles, at the kathode the longitudinal muscles, arc 
exclusively excited. 

It has already been shown, however, that the relations are hy 



244 


ELECTRO-PHYSIOLOGY 


CHAP. 


no means so simple at the anode, nor are they more so with 
kathodic excitation. There can be no doubt that the longi- 
tudinal muscles of the directly stimulated section are excited, but 
we may question, for reasons to be stated below, whether the 
ring-muscles are not also, at least locally, excited at the point 
of contact. 

The first desideratum, in an exact observation, is not to 
employ too strong a current, since the problem will othenvise be 
unduly complicated. It must be remarked once more that the 
results of bipolar, coincide exactly with those of unipolar, 
excitation. The more striking change is, as we have seen, the 
shortening (decrease in height) of the body -rings implicated. 
This is not, as a rule, uniform throughout the periphery, but is 
essentially confined to the immediate proximity of the kathode. 
Here, in consequence of the longitudinal muscular contraction, the 
segment involved appears in relief as a swollen blister, between 
the contiguous segments. The latter participate equally in the 
stimulation with stronger currents, so that on closure of the 
current the longitudinal muscular contraction, extending over 
several segments, causes a more or less pronounced swelling to 
spring up, which is mainly confined to the point directly 
excited, rises most abruptly under the kathode itself, and falls 
away tolerably quickly on either side of it. If the tract of 
kathodic excitation is examined at an appropriate strength of 
current, with a magnifying lens, particular attention being given 
to the appearance of excitation efiects in the segment directly in 
contact with the electrode at the moment of closure, it is not 
usually difficult to ascertain positively that there is also 
at that point a contraction of the circular muscles, localised 
to the kathode, which only remains unnoticed with less atten- 
tive observation, because its spatial restriction prevents any 
perceptible diminution of diameter in the muscle -ring. This 
effect is limited, with the application of moderate currents, to the 
segment directly excited, and in consequence a marked, lumpy 
protuberance is often visible at the point of contact, which 
is no doubt due to the disguised and local contraction of the 
longitudinal and circular muscles. In order to attest the latter 
it is important to note that in the muscular integument the layer 
of circular muscles (conversely to the vertebrate intestine) lies 
externally, and is thus directly accessible to observation. Other- 
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wise it would be difficult to come to any conclusions as to the 
clianges in the circular muscles, particularly with kathodic 
excitation (Fiirst, 30). 

We have so far been investigating the manifestations of 
excitation at closure only. It remains to add a few words as to 
the polar effects that appear on opening the circuit. As in most 
other cases, so here, it is found that stronger currents and pro- 
longed duration of closure are essentifil to produce effective bi’eak 
excitation. It need hardly be added that individual differences 
of excitability in the preparation are also prominent factors. The 
opening excitation effects, at least in Lumbricus, are never so 
sharply defined as those at closure. The most definite appearance 
is' a contraction of the circular muscles — similar to that of tlie 
anodic closure — at the previously kathodic segment, on opening tlie 
circuit ; yet it is difficult to decide with certainty whether the 
contraction spreads itself in this case, as in anodic make excitaticui, 
on either side of a relaxed point. Yet more difficult is it to 
determine the nature of the co-operation of the longitudinal 
muscles, as appearing under certain conditions after strong anodic 
excitation of a segment on breaking the current. It is partly diui 
to the comparatively slow equalisation of the excitation (iffects 
after closure, which — at least sometimes — produces a superposition 
of what may be taken as the antagonistic effects of closing and 
opening the current, by which the question is further complicated. 

The effects of electrical excitation in the leech, and in 
Arenicola (29) in particular, are quite as characteristic as in the 
muscular integument of the earthworm. Heni, too, the most 
prominent effects at closure of the current are, on the one liand 
(at the anode), contraction of the circular muschis of the segment 
directly in contact with the electrode ; on the other Iiand (at the 
kathode), the marked shortening of the same in consequence of 
the contraction of the longitudinal muscles. Owing to the small 
distance between the transverse furrows which encircle tlie worm s 
body, the kathodic effects of excitation spread, more particularly 
in the leech, over a large number of segments, whilst in a long 
body-ring, e,g, at the anterior end of Lumbricus, the kathodic 
contraction of the longitudinal muscles (at least with weak excita- 
tion) is often only segmentally developed. The flat shape of the 
body in the leech, moreover, brings out plainly the localisation 
of effects of kathodic excitation to the dorsal surface excited. 
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There is never an undiilatory transmission of the contraction over 
large sections of the worm-body. On the contrary, these remain 
fixed in the expansion detennined at closure as long as the 
curi’ent is passing, and this applies as well to the anodic circular, 
as to the kathodic longitudinal, muscular contraction. In the 
leech also it is certfiin that the latter does not appear singly, but 
is accompanied by a simultaneous localised contraction of the 
circular muscles at the point of contact with the electrode. 
A small but plainly visible swelling accordingly starts up under 
the electrode, running transversely to the fibres of the circular 
muscles, and, as it were, opposed to the expansion produced by 
the contraction of the longitudinal muscles. No trace of excitation 
is ^dsible in the same bundle of circular fibres beyond the small, 
shai^ply-defined swelling. Where a perceptible tonic contrac- 
tion existed already before closure, it may be seen to expand into 
the localised swelling at the point of current exit. At both sides of 
this there will then be a visible relaxation of tlie circular muscles, 
so that at times the lateral parts of the segment bulge out 
bladderwise, convexly to the exterior, thus producing a very 
characteristic, and more or less complicated, change of form in the 
muscular integument at the proximity of the electrode. The 
swelling caused by the local contraction of the longitudinal 
muscles is also sharply defined on either side, although, as stated, 
it extends over several segments. At break of the circuit the 
changes described (Eiirst, l.c,) are either equalised simply, or 
(with stronger currents, and longer duration of closure) a break 
excitation makes its appearance, as in the earthwonn, by a 
shortening of the circular muscles, which extends over large areas 
of the previously excited segment, producing a more or less pro- 
noimced segmental constriction — a change, of wliich the resem- 
blance to the effects of anodic make excitation is iwima facie 
evident, although it is difficult to demonstrate complete coinci- 
dence in the two cases. While on bringing any points of the 
upper surface of the muscular investment of Hirudo into 
contact with the kathode, there is, in consequence of the simul- 
taneous shortening of the longitudinal and circular muscles, a 
general pressure of the muscle-substance from all sides towards 
the point where the current leaves the muscle, a precisely opposite 
effect appears with anodic excitation. It is even more evident 
in Hirudo than in Lumbricus, that the segment in contact with 
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the anode remains unexcited at the point of contact at the 
instant of closure, or relaxed if there has been a previous tonus. 
In this example a good indication of contraction, or relaxation, of 
the circular muscles is afforded by the relative distance of tlie 
fine transverse lines of the skin, through which each segment 
vertical to the direction of fibres in the circular muscles exhibits 
parallel stria3. At every shortening of the circular muscles, 
these striae approximate at the contracted parts ; at every exten- 
sion the space between them gets larger. This last occurs 
unmistakably at closure of the current in the immediate proximity 
of the anodic contact, together with a marked contraction, and 
subsequent circular constriction, of the segments implicated. 
This also applies, at the same point, to the longitudinal muscles, 
which do not shorten at the electrode itself ; tlie height of the 
segment does not alter. On the other hand, tis in the eartliworm, 
a more or less extensive contraction of the longitudmal muscles 
appears in the segments implicated on either side of the circular 
constriction, in proportion with the strength of the cuiTent ; tliis 
is most developed in the immediate vicinity of the body-ring in 
contact with the anode, and gradually decreases outwards. 

All these facts combine to show that the so-called smooth 
muscles of very different invertebrate animals exhibit, as regards 
their reaction to the electrical current, a wide, almost complete, 
uniformity of behaviour. Here, too, the law of polar excitation 
prevails in general, although certain effects appear whicli art* 
apparently without analogy in striated muscle. As a general 
rule, the proposition still holds that at closure of a sufficiently 
strong current, excitation and contraction follow at the physio- 
logical kathode. Where at first sight there seem to b(i exce]:)tions 
(e.ff. in the circular fibres of the muscular integument of worms), 
more exact observation brings them under the same law. 
Especially notable is the fact that tlie hatliodio domre exMtation is 
localised in efvei'y instance to the point of exit of the current^ and its 
immediate proximity ^ in the form of a local idio-muscidar 
swelling {persistent closure contractwi). In no case is an undulatory 
propagation of the contraction to be detected. 

Further, in conformity with the law of polar excitation, 
there is cut closure of the current no localised excitation at the anode, 
hnt rather an inhibition of a previously existing condition of ex- 
citation, while an openinej excitation, on the contixiry, does occur 
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at this pointy under some conditions. That, notwithstanding, a 
frequently well-marked total contraction of the muscle bundle 
should almost invariably occur with unipolar anodic excitation, 
is because the fundamental excitation at closure of the current 
does not proceed from the anode itself, but originates in the 
region proximal to it, as will presently be described. This 
accounts for the somewhat surprising fact that closure of current 
at the anode, in electrical excitation of the worm’s integument, 
produces a (sometimes maximal) constriction of the segment in 
direct contact, and also accounts for the marked shortening of 
Echinus and Holothurian muscles in unipolar anodic excitation, as 
well as the no less striking rupture of the former at the spot 
at which current enters. 

From this point of view it is easy to explain the excitation 
effects in the intestine of invertebrates (31) — at first sight 
so unexpected and irregular. If a given surface -point of a 
quiescent loop of the small intestine of any mammal is brought 
into contact with the anodic electrode, at sufficient intensity of 
current, while the kathode is again applied to any indifferent part 
of the body (liver, stomach, etc.), a circular constriction is formed, 
as in wonns, and may, under some conditions, lead to the 
complete closing up of the intestinal tube at the point in question. 
This contraction persists throughout the duration of closure, pro- 
vided the latter does not extend over too long a period, and 
equalises itself again without much delay when the current is 
broken. This effect of excitation can be very well seen in loops 
of the intestine that are moderately extended by fluids or gases. 
Provided the exposed intestine is not unduly cooled, and is still 
highly excitable, there will at closure, of the current, in addition 
to the local contraction of the circular muscles at the anode, be a 
more or less evident peristaltic, or anti-peristaltic, movement in 
the proximity of the point directly excited, of which in this case 
it is hardly possible to say whether it is directly caused by a 
branch of the current, or is carried on from the primary seat of 
excitation. We shall see later that under certain conditions the 
anode does actually become the point of departure of peristaltic 
contractions spreading on either side, whUe in other cases a 
merely local constriction appears. Various sections of the 
intestine in tliis respect give a uniform reaction, and at most 
sliow differences in degree, which are due to the unequal develop- 
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ment of the circular muscle layer. Thus in the thin -walled 
and usually replete colon of Herbivora, the constriction d6es not 
usually include the entire periphery, but only forms a few, or 
several, deep segmental furrows. 

The effect is very different on reversing the current with 
kathodic excitation of‘ the intestine. We cannot entirely follow 
Schillbach, who first investigated the effects of electrical excitation 
of the intestine, when he speaks in this case briefly of a local 
contraction, and only sees as an essential difference in tlie work- 
ing of the two electrodes that there is an appearance “at the 
anode of peristaltic waves, j)articularly in an upward direction,” 
while at the kathode, on the contrary, the contractions are 
wholly local. For, on the one hand, the ap})eai*ance of a contrac- 
tion limited to the seat of direct excitation is very general at the 
anode also ; while,' on the other, it must be admitted that the 
visible effects of excitation at the seat of the kathode Jilways 
exhibit a fundamentally distinct character from the elfects of 
excitation at the anode. While the typical circular constriction 
is never wanting at the anode, and appears similarly at the small 
intestine, as well as at the colon, or rectum, the manifestations of 
excitation at the kathode develop very variously both in different 
species of animals and in different intestinal sections of the same 
animal. In rabbits, guinea-pigs, and mice, completes constriction 
of the tube of the intestine occum at the anode, on closure of the 
current, while at the kathodic contact the change is scarcely 
perceptible, and it is only by very exact observation that the 
formation of a small, fluted thickening can be detected, and, 
corresponding with it, in its immediate proximity, a flat, dinted 
constriction of the upper surface. This longitudinal fluting, 
which is only indicated at the point where the current leaves the 
intestine of rabbits or guinea-pigs, appears invariably in that of 
cats or dogs as a crest-like, prominent expansion, parallel with the 
long axis of the intestinal canal, and, like a scar, producing con- 
striction of the tract lying immediately around it, so that on that 
side of the intestinal wall a flat, dinted depression is formed, witli 
the fluting already referred to springing from its centre. These 
changes also persist during the closure of the current, and only 
equalise themselves more or less rapidly when the circuit is broken. 
The manifestations of polar excitation in the different sections of 
the colon of Herbivores are also interesting — the anatomical 
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arrangement of the muscular layers presenting unmistakable 
analogies with the relations described in Holothuria. In neither 
case do the external longitudinal muscles of the intestine present 
a coherent layer ; they are cither exclusively (holothurian), or pre- 
dominantly (large intestine), compressed into single band-like strife 
(tenife), between which the circular muscles are visible. If an 
electrical current leaves the muscle at any point of such a ttenia, 
an obvious, localised, persistent contraction appears, which is 
absent when the current enters at the same spot; then, on 
the contrary, there is usually segmental constriction of the wall 
of the intestine, due to excitation of the circular muscles. If the 
anode happens to faU on any part of the surface of a saccule, 
the last-named consequences of excitation occur only the more 
plainly. If, on the contrary, the cun‘ent leaves by the surface of 
a saccule, a small, scar-like swelling will appear (running at 
right angles with the direction of the fibres), which remains 
localised to the immediate proximity of the kathode, and — as 
may be recognised with artificial enlargement — is essentially 
caused by a local persistent contraction of the circular muscle- 
fibres only. This appearance is throughout analogous with the 
small, sharply-defined transverse swelling of Holothurian circular 
muscles apparent on kathodic excitation. This local kathodic 
excitation of the circular muscles of the intestine is less visible, 
for obvious reasons, in aU cases where a longitudinal muscular 
layer of considerable thickness is present. Yet the peculiar 
dinted constriction of the upper surface of the small intestine, 
from the centre of which the scar-like swelling arises, must be 
referred partly to the local kathodic excitation of the circular 
muscles covered by the longitudinal fibres. So too, the tendinous 
origin of a tienia of the large intestine appears with katliodic 
excitation to be concerned in the production of a local circular 
muscle swelling. If the peculiar and characteristic reaction 
of the circular muscles of Holothurui on anodic excitation, as well 
as the corresponding excitation effects in the muscular integu- 
ment of worms, is remembered, there can hardly be a doubt that 
the circular, or segmental, constriction of the intestinal wall at the 
anode is due to the same causes. The relations are not indeed 
as clear and easily recognised as in the foniier case, and least so 
in the small intestine. The w'ell-filled colon of Herbivores seems 
much more appropriate to these manifestations. Here, with weak 
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currents, the contraction at the anode is not total, and under 
certain conditions, particularly when the suiface of the intestine 
has become dry, it is evident that the immediate proximity of 
the anode remains smooth at closure of the circuit, while in 
consequence of the contraction of the circular muscles, innunier- 
able wrinkles are formed on both sides of it. Kor are the 
longitudinal muscle bundles of the tienue unexcited if the anode 
is placed anywhere along their course, only the eflects are more 
easily overlooked in this case. The immediate proximity of tlie 
anode is again unexcited, while contraction occurs in the neighl)our- 
ing region. In the thin intestine, where the anatomical relations 
are still more unfavourable to electrical excitation than in llui 
muscular integument of worms, the corresponding manifestations 
of excitation, as described, are very difficult to analyse in detail, 
and only the marked and extended closure contraction of the 
circular muscles remains as a visible etfect at the anode, along 
with the local shortening of the longitudinal fibres at tlie katliodi?. 
It cannot, however, be doubted that in the first case the longi- 
tudinal muscles, in the second (at least with strong currents) tlie 
circular muscles, also, are excited simultaneously, and tf) the same 
degree (29). 

With the last-described experiments on the intestine of warm- 
blooded animals, must naturally be classed the results of Engel- 
niann's extensive experimental investigation on the idecti'ical ex- 
citation of the ureter (5). It is obvious, in view of the inferior 
size of this tube, which consists of circular and longitudinal 
muscles arranged similarly to the intestine, that tlie finer details 
of changes of form in the two muscular layers at the poles of the 
exciting current are here much harder to recognise than in the 
previous cases. For this reason, an effect which only api^ears 
exceptionally in the intestine, comes prominently forward in the 
ureter, i,e. the peristaltic progress of excitation, or contraction, 
from its starting-point. Schillbach (32) states, that on excit- 
ing the intestine with the constant current, “ a contraction 
localised to the seat of excitation formed itself at the kathode, 
w'hile at the anode a local contraction appeared, whicli in a few 
seconds was transformed into a marked peristaltic contraction 
upwards and downwards. We have frequently, in excised and 
still living (warmed) pieces of intestine, observed the peristaltic 
or anti -peristaltic progress of the contraction ot the circular 
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muscles discharged at the anode. But just as the propagation 
of a localised excitation in the muscle of the intestine depends 
upon different, and so far not exactly determined, data, so too 
with polar effects of excitation. On the one hand, a high 
excitability of the excitable parts is apparently essential, while 
on the other, the nervous mechanism of the intestine itself seems 
again to play a very important part in the bringing about 
of progressive contraction. Most authors incline to the view 
that both the normal and the artificially excited peristalsis are 
caused solely and invariably by the intestinal nervous system 
(Xothnagel, Liideritz, 33). Without taking a definite position 
ill this question, which was discussed above, the possibility of 
propagating the excitation effects discharged at the poles of 
the constant current may be suggested. With the application of 
strong currents Liideritz observed this at the positive as well as 
at the negative pole ; but the kathode seemed to produce a 
stronger effect than the anode. “ In the rabbit and guinea-pig 
this effect appeared in well-marked cases as a contraction of the 
longitudinal muscle of the intestine, extending for several cms., 
upwards and downwards, from the electrode, accompanied by a 
contraction of the circular muscles running exclusively, or chiefly, 
in the direction of the pylorus ; in the cat the contraction of the 
circular muscles may run upwards and downwards, or in the 
direction of tlie pylorus” (33, p. 14). 

In contrast with these uncertain, and still unexplained, 
data, the effects of electrical excitation of the ureter are 
characterised as well by the certainty of their appearance 
as by their great regularity. The jhprough investigations 
of Eiigelmann s^^ that — apart from the slownj^^pX .the 

rations— there is complete coiiformity with regard to the 
polar manifestations of excitation, between the i irpter a nd 
striated skeletal muscle, so that th ese observations give cog ent 
si^ort to the theoiy of the unlimited applicability of the l aw of 
polar excitatio n. It is, therefore, at first sight the more sur- 
prising that, so long as the ureter remains in situ, the effects of 
electrical excitation with the constant current are diametrically 
opposite to what might be expected from Engelmann’s investiga- 
tions. j)n appl ying unpolarisable electrodes to two po ints along 
the rabbi t's ^r^ter, after exposing itjvith the utmost care and avoid - 
ance^of^unnecessary cooling, Engelmann found with clo sure of the 
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battery current that the muscular tube coiitmatp.d at the spot 
ill con tact with the kathode^ after a shorter or longer, but always 
direct^ perceptim^^^^ 

area, as wen ^s^ihe_auode^ j^mam^ same time. 

Im^diately after, a wave of contraction (sipiilar to that whicli 
follows on localised mechanical excitation) starts from the 
kathode, in both the peristaltic and the anti-peristaltic direction. 
Just a s the make excitation starts from the kathode, Engehiiaiin 
found, that the break excitation proceeds exclusively Irgni the 
^ode : the contraction always begins exactly at the point where 
current had previously entered the ureter through the electrode, 
never at the same moment in any larger area of tlie tract 
traversed. Here, as in striated muscle, the opening of tlie 
constant current is usually a weaker stimulus than its closure, so 
that greater intensity of current, and longer closure in particular, 
is required to produce any visible consequences. According to 
Engelmann, induced currents work exactly like constant currents 
5lllf?ryJsliort . dum^^^ as a rule, they 

only a ct jas^make stimuli, in which excitation proceeds from tlie. 
Jcathode. It is only with very high excitaliility, and currents of 
great strength, that the contraction appears under certain condi- 
tions to begin at both poles simultaneously. 

If in the guinea-pig, or rabbit, the two electrodes are applied, 
after removing the viscera, to diftbrent points of the ureter in 
dtii, or if one electrode only is brought into contact with any 
given point, the other being applied to some indiHerent ])art of 
the body, the excitation at closure will invaria))ly proceed from 
the anode. Under such conditions there is never kathodi(* 
closure, or anodic opening, excitation. 

With both the weakest and strongest possil)le currents, 
and, as a rule, independently of the position of the electrodes, 
and the direction of the current, tlie ureter is always con- 
stricted first at the anode, on closing the circuit, after which the 
wave progresses in both directions as described Ijy Engelmann. 
The same applies to the break excitation, which after prolonged 
closure, with sufficiently strong currents, appears at the kathode. 
The nature of the contraction leaves no doubt that there is in 
both cases simultaneous excitation of the circular and longitudinal 
muscles. The smallness of the object makes it dilficult to decide 
with certainty whether the closure contraction really proceeds 
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from the point of contact of the anode with the ureter, and 
whether, on the other hand, there is local continuous contraction 
at tlie kathode. The latter may indeed be ascertained by means 
of the magnifying lens, so that it can hardly be doubted that 
the polar excitation effects in the ureter in situ are manifesta- 
tions analogous with the corresj)onding effects of excitation in 
the intestine. 

The striking opposition between Engelmann’s data, and the 
results of experiments on the organ in situ, suggests that the 
apparent reversal of polar effects depends essentially upon differ- 
ences in the physical conditions, and in particular on the distribu- 
tion of current. Experiments directed to this end have confirmed 
the correctness of the assuinption, and may also furnish the key 
to the explanation of the manifestations which appear in many 
other smooth muscular parts in the proximity of the anode, and 
wliich we have previously referred to. Since the excised ureter 
of mammals is still excitable after several hours, if warmed to 
body-temperature, it is easy to experiment on it under different 
conditions. If such a preparation is laid upon a glass plate, 
warmed from below at 38-40°, and wetted with physiologica 
salt solution, or better, with a small strip of moist filter-paper, the 
consequences of excitation, when the electrodes are applied any- 
where along the muscle, coincide in respect of localisation with 
Engelmann’s results from the ureter of the living animal. It 
appears as clearly as ciin be desired, however the electrodes are 
applied, that the ureter lying loosely upon its attachment con- 
stricts at the kathode at the moment of closure, after which the 
contraction progresses in undulations, or in one or the other direc- 
tion. The same occurs at the anode with stronger currents, and 
longer duration of closure, on opening the circuit. If the excised 
ureter is tlien, without otherwise altering the conditions of ex- 
periinent, laid upon a thick pad made of layers of filter-paper, or 
on a sufficiently heated block of salt clay, an opposite reaction 
will be exhibited with equal regularity, with both bipolar and 
unipolar excitation, since, as in the fresh organ in situ, the make 
excitation appears at the anode, the break excitation at the kathode. 
It is clear that this can only be explained by differences in current- 
distribution. If the thin muscular canal of the ureter is 
stretched freely, or on a non-conducting support, the current will 
be distributed some^vhat according to Fig. 91 (after Engelmann). 
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It is evident that if the make excitation occurs only at the 
point where current leaves the muscular integument (the latter 
is hatched in the figure) the same could, and indeed must, be 
the case in the proximity of the positive electrode also. “ If the 
branches of current drawn in the figure as proceeding from Yj -f 
(the anode) are followed, it will be noticed that a part of tliein 
leave the muscle-substance at the points e! e' c"\ These points 
(secondary kathodic points) lie in the immediate proximity of the 
positive electrode, but are of course, with regard to the muscle- 
substance, to be viewed as the negative pole (pliysiological kathode). 
And here the closure excitation makes its appearance.’* That 
this does not actually occur, is referred by Engeluiann in part to 
the differences in current density on the side turned towards, and 
away from, the electrode, in part to the depression of excitability 
and conductivity of the contractile substance in the region of the 
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positive electrode (infra). A much wider distribution of the lines 
of current, and hence a richer development of secondary kathodic 
points in the region of the anode, and conversely of secondary 
anodic points in the region of the kathode, occurs, however, 
invariably whenever the ureter is left in ailUj or placed on a 
moderately good conductor (Fig. 92). Conditions lieing favour- 
able, excitation (contraction) will then occur on closure ot the 
current at innumerable places in the proximity ol the anode (not 
at the anode itself), and is either transmitted as an undulation 
(ureter), or remains localised as a persistent contraction. Con- 
versely, further diffusion of the closure — excitation discharged 
at the kathode proper is hindered by the vicinity of secondary 
anodic points. 

It can hardly be necessary to point out that tliese considera- 
tions are legitimate and valid in all the cases previously t^uoted, 
where, as in the muscles of Holothuria and Echinidte, and also 
the muscular iiilegunient of worms, and the intestine of verte- 



256 ELECTRO-PHYSIOLOGY chap. 

brates, the conditions required for a wider distribution of lines of 
current in the proximity of the electrodes, and therewith also for 
the effectuation of secondary electrodes, are a prwi and unavoidably 
present. The conspicuous thickness of all these parts is the reason 
that the lines of current do not, even with bipolar excitation, adjust 
themselves (as in the exposed nerve, or ureter) mainly in a dii-ection 
parallel with the long axis of the organ, between the two points in 
contact with the electrodes, but that there is inevitably a further 
distribution, and, so to speak, diffusion, of the current in the 
proximity of the point where it enters, as well as that where it 
leaves, the muscle. The most important result of these experi- 
ments, in various parts of smooth muscular organs, is undoubtedly 
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tiie fact that in conformity untk the laiv of polar excitation, as 
established for striated muscle, the make exciiation is without eoxep- 
tion discharged at the physiological kathode only, i.e, the ti*ue point 
of exit of current from the contractile substance of the entire 
muscle, and is seldom transfinitted beyond this point ; while, 
on the other hand, excitation never appears at the physiological 
anode itself on closure of the circuit, hut where a state of tonic con- 
traction is present, local inhibition of the existing excitability may 
appear as a more or less obvious localised relaxalion of the muscular 
tissue, followed oceas/ionally , when the current is opened, by a contractio7i 
which in extension and charaetm^ smelly resembles the persistent 
kathodie closure contraction While this last nearly always appears 
as a tolerably well-defined swelling, a persistent closure contraction 
of quite a different character may often be seen on both sides of the 
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anode, extending over a large area ; in individital ernes {intestine, 
muscular integument of worms, vret&r) this gives the imiyixssion that 
the mdJee excitation 'proceeds entirely and chiefly from the anode, a 
view that has already been expressed ly Jofi with regard to the 
intestine (34). 

It may be questioned if there is any analo^e to tliis reaction 
in striated skeletal muscle. But before entering on this dis- 
cussion, it will be advisable to go a little more closely into the 
allied, and from various points of view highly interesting, pheno- 
mena in cardiac muscle (35). Since the heart alternates rhythmic- 
ally between contraction and relaxation, we are able to test the 
action of the current in both phases. It is advisable to use the 

heart of a cold-blooded animal, beating as slowly as possible c.g. a 

large and weU-cooled frog. IfJbTO brush electrodes are tiien 
applied to the surface of the ventricle at two parts as wide apart 
as possible, with persistent closure of a sufficiently strong battery 
current, a very striking result will ensue. At each new systolic 
contraction a local relaxation of the ventricle . appears at the 
anode during closure of the current, in the form of a dark- 
red, blistered swelling ; while on opening the current, on 
the other hand, the Jcathodic area is invariably first to relax 
during one or several systoles, presenting an appearance exactly 
similar to the anode during closure. These manifestations can 
be still better investigated with the unipolar method of (ixei Na- 
tion, one unpolarisable brush electrode being placed on any indif- 
ferent point, e.g, the skin of the throat, while the other, a finely 
pointed contact, is applied to the ventricle, in such a way that 
the circuit is never interrupted while the heart is in motion, witli- 
out undue pressure. The effiects vary according to the strengtli and 
direction of the current, and the condition of the hwirt-muscle at the 
moment of exc itation. If the current enters by the electrode in 
conta ct with the ventricle, and closure is effected at the beginning 
of th e systole, t&e first result of weak excitation (1 Dan., rheochord 
resistance 20, or more) will regularly be relaxation at the 
point of contect and its immediate proximity, repep,ted at 
^ach new systolic contraction as long as closure of the current 
continues. With increasing intensity of current there is a corre- 
sponding increase in the degree and amplitude of the relaxation, 
^yich at first is strictly local, sbm^ out from the pale, con- 
tracted, surrounding area as a little red speck, scarcely 1 mm. in 
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diameter. This grows more and more prominent as a congested 
‘expmsion of the muscular wall of the ventricle, spreading w^h 
comparative rapidity on all sides beyond the region of primary 
relaxation. As Schiff* correctly observes, with reference to the 
analogous effect of local, mechanical excitation, the diastolic 
relaxation, after attiiining a certain amplitude, sometimes appears 
to stand still for a brief period,” and then spreads slowly over 
the whole ventricle. 

In other cases, however, we have observed as unmistakably, 
particularly in much cooled, slowly- beating hearts (which are 
used by })referenco in all these experiments), that the diastolic 
wave spreads with uniform rapidity from the seat of initial 
relaxation at the anode over the entire ventricle. Exact ly the 
same effects as appear m the^contraciedy.^^ anode, on 

closure of a constant current, occur unndstakably at the kathode 
immeSately after the circuit is opened. 

If with the same experimental conditions the current is 
reversed without moving the electrodes, it will be seen at break — 
given adequate intensity and duration of current — that at the 
moment of most pronounced systolic contraction the previously 
anodic, but now kathodic, part of the ventricle is always the 
first to relax itself. The diffusion of the originally local diastole 
. increases again with the strength of current, but a second and 
no less important factor here comes into play, i.e. the duration 
of closure of the existing current. Up to a certain point a longer 
period of closure of a weak current can be substituted for the 
action of stronger currents. Stronger currents, however, are 
always required a pricn'i to produce the kathodic opening as 
plainly as the anodic closure relaxation. The polar phenomena 
of relaxation thus described in the ventricle of the frog’s heart 
contracted in systole may be very elegantly demonstrated, if the 
two finely-pointed thread, or brush, electrodes are placed at two 
points on the upper surface of the ventricle as far apart as possible 
in the longitudinal or transverse direction, with tolerably pro- 
longed closure of a not too weak current. During the period of 
closure a local diastole occurs at the anode with each new sys- 
tolic contraction. At break of the current the relations are 
inverted, and for two, or even several, successive systoles the 
kathodic region is the first to relax. 

If it were possible to keep the frog’s heart for long in con- 
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tin uous sy stolic contraction, the sole visible effects of electrical 
S^citation with the constant current would be local relaxation of 
t he mu scular wall of the ventricle, appearing with closure at the 
anode, but with opening at the kathode — thus, as it were, forming 
an antithesis to the response of the muscle relaxed in diastole. 
It is difficult, and more or less incidental, to obtain a prolonged 
systolic contraction in the frog’s heart ; but, on the other hand, 
this is eas ily produced in the cardiac muscle of many invertebrates, 
e, rj, sna.i rsJi^rt^X35). We have already seen that a ventricle tied 
to a canula will often, if the latter is suddenly filled with fluid 
(snail’s blood, 0*6 ^ NaCl), fall, after a longer or shorter sei'ies of 
regular contractions, into a state of protracted, uniform contraction. 
If during this time a curi'ent of 1—2 Dan. is led through it 
by means of unpolarisable electrodes, by allowing the suitably- 
moistened thread of the lower ligature of the apex of the heart 
to dip into a vessel with salt solution, in which one of the elec- 
trodes is already plunged, while the other pointed brush electrode 
is placed above the second ligature at the boundary between 
auricle and ventricle, an immediate relaxation of the ventricle 
may be seen in every case with closure of the circuit, which 
however — it must be noted — never occurs simultaneously at all 
points of the area traversed, but begins without exception at the 
end where current enters, at the anode. The relaxation 
alwa ys progresses in the direction of the current from the positive 
to the negative pole, and forms ITihofe or rapidly- transmitted 

waveTSIways, however, visible tx) the eye. If the current is only 
kept closed until the “wave of relaxation ” has reached the kathodic 
end of the preparation, and is then broken, the ventricle returns 
as a rule — at least iu all cases where the tonus was ah initio 
strongly developed — to its original state of continuous contrac- 
tion. It is only in cases where a less pronounced tonus prevails 
from the beginning of the experiment, or where the preparation 
is excited at a time when the pulsations have begun again spon- 
taneously, that an unbroken series of regular, rhythmical contrac- 
tions follow a single short closure of the constant current, in 
which case they either persist indefinitely or give way after a time 
to secondary tonic contraction. In many cases the ventricle 
remains for several seconds, during the closure of the current, in 
a state of diastolic relaxation, after which only it begins the rhyth- 
mical peristaltic contractions. The miodic relaxatifin 
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occurs mo re readily at one than at the other end of the pre- 
paration, and as a_r\^ ventricle appears most 

favoumble jn this respect. This is probably related ^ fact 
stated above, that the mechanical stm of the li^turepften 
pro^ces a pronounced local contraction at the of th^ heart, 
which, as was also pointed out, opposes much greater resistance 
to the action of the anode than the tonic contmetion produced 
by the state of wall-tension. 

If the electrodes are placed at opposite ends of the transverse 
fixis of the ventricle, relaxation will begin, on closing the current, 
at the side of the anode, and accordingly the heart bulges out on 
the same side. 

The intensity of current at which these p henomena 
appe^'is /essehti^^^ (lep^dent_^upon tKe ^rei^th of the exist- 
ing ‘‘ tonus.” We have frequently obtained marked effects on 
using a Daniel 1 cell, with rheochord resistance from a wire of 
5 cm., and it may be taken as a general rule that with experi- 
mental conditions as described above, anodic relaxation rarely 
foils with a resistance of 100 cm. wire. If o nly minimal 
curi’ents arc employed, thje relaxation is a^ajFc^i ned to_^th^ 
close proximity of the point where the current enters. It appears 
at closure, and gradually disappears, even if the exciting current 
remains closed. In other cases it spreads, according to the 
direction of the current, over one or the other half of the 
ventricle. With moderate currents, and great excitability of the 
preparation, the propagation of the anodic wave over the entire 
ventricle is independent of whether the current is broken imme- 
diately after the effect appears, or whether it remains closed for a 
longer period. In the last case, however, the rhythmical contrac- 
tions continue during the whole period of closure, and it should 
be noted that with each new diastole, relaxation invariably begins 
at the anode, and progresses from that point peristaltically. 
Hence, by merely watching the pulsations of a snail’s heart, under 
the influence of the constant current, the direction of the current 
may be accurately determined. 

The systolic contraction of the ventricle follows so much more 
rapidly that mere inspection will not suffice to determine whether 
under these conditions it also proceeds peristaltically (starting 
from the kathode), or not. 

As previously stated, the rate of propagation of the anodic 
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wave of relaxation is so slow that its progress may conveniently 
be followed with the eye. Eor the rest it varies considerably. 
While in one case the wave requires several seconds to spre^ad 
over the small tract implicated, averaging 5 to 7 mm., in other 
cases a fraction of a second will be sufficient. This, again, depends 
essentially upon the degree of tonus present, and one inight sfiy 
that the more pronounced this is, the slower will be the diffusion 
of relaxation from its starting-point. If the excitation is repeated 
with unchanged direction of current, or if the current is left 
closed, it is easy to see that the rate of propagation of the anodic 
wave increases in time up to a certain value — which it soon 
reaches ; if the cun*ent is reversed it diminishes again quickly. 

^he period of latent excitation, generally speaking, varies in 
the same sensa The rSaxation at the anode, as is immediately 
evident^ never begiiis precisely.at the moment of closure of the 
current, but is always preceptibly, often considerably, later, so 
that a latent period of one or more seconds is by no means rare. 
In many cases it may be shorter, but is never so brief that it 
cannot be detected directly by the eye. 

If the experiment is made with preparations, whicli nh 
initio exhibit a marked degree of tonic contraction, the relaxa- 
tion starting from the anode appears to bo the sole visible effect of 
the current, a previous increase of contraction under such circum- 
stances being at all events imperceptible. Tliat such increase 
is, however, present under certain conditions of relaxation, 
may be ascertained in all cases in which there is pn’inaiily 
only a medium degree of tonic contraction. For then, with 
closure of an adequate current, the ventricle may be seen to con- 
tract in the first place simultaneously, in all its parts, after which 
only the peristaltic relaxation from the anode ccjinmenccs. 

If the contraction in this case proceeds from the kathode, as 
may be affirmed on the strength of experiments to be described 
later, the conclusion which aj)pear8 from the reaction is tliat 
the latent period of the kathodic closure excitation is smaller, 
while the rapidity of transmission is more rapid, than in anodic 
closure. On the other hand, the latter seems to take effect at 
a lower intensity of current, c.g, we have repefitedly found, 
with a weak tonus, that a (local) relaxation bcegan carliei, 
i.e, with less rheochord rasistance, than in the closure contraction 
in question. 
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Engelmaiin showed that every little muscle -bridge which 
unites two otherwise separate parts of the frog’s ventricle, effects 
a physiological process of conductivity between them, inasmuch 
as the excitation coming from the auricle is carried through the 
bridges to the lower portion of the ventricle. There is thus a 
conductivity of excitation from cell to cell without any inter- 
position of nervous elements. Similarly it may be shown that 
the anodic wave of relaxation is propagated from one haK of the 
ventricle to the other, if any minute portion of the normal mus- 
cular wall remains to establish connection. By carefully pincliing 
the side of an anodically relaxed ventricle of a large snail’s heart 
with small forceps, it is easy to make the greater part of its wall 
in the middle section incapable of conducting. When subse- 
quently traversed by current, rehixation can be seen to pass over 
the small conducting bridges, although far more slowly than under 
normal conditions. 

A contusion extending right over the middle part of the 
ventricle, and dividing it into two excitable halves' sep arate d 
"by a'^'ffiall^ unexcitable zone, affords a means of inves tigatmg 
the phenomena which appear on excitation with the constat 
current more exactly than is possible in the entire uniiijmed 
heart. Tlie experiment, indeed, presents certain difliculties, since, 
owing to the great sensibility of the preparation to mechanical 
excitation, the two halves of the ventricle are not seldom un- 
equal in their capacity for response, one or other of them remain- 
ing more distinctly contracted, or, at all events, not returning 
to the relaxed state ; but notwithstanding tliis, a little practice 
will generally obtain the desired result — provided the animals are 
large enough. If such a preparation is traversed by a battery 
current of sufficient strength, we see— as is to be expected-^fhat 
only the anodic half relaxes, while the kathodic either ex hibits 
no"^iahgesV or'cohtracts distinctly on closure of the current if its 
tohiis is but little apparent. On opening the circuit this reaction 
is exactly reversed in favourable instances j , the kathjodic sectio n 
of the ventricle relp-x^es^^wMe the^^a^^ contraction. 

Ij^should be noted ,^that^ both halves of the venM haveTEeir 
physiological anode and kathode. That, notwithstanding this, an 
effecT can be detected upon one side only, is necessarily due to 
the fact that the density of cun*ent is less, on the one hand, at 
the point of injury (owing to the larger section), while, on the 
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other, there is injury to the muscle-substance, caused by mechani- 
cal impact. 

Especially remarkable in this method of experiment is the 
relaxation immediately consequent on break of cuirent at the 
effective kathode; it can in no respect be distinguished from 
the anodic closure relaxation, and, as we shall see, must in all 
probability be regarded as an equivalent process. 

With r egard to time, the order of succession of these pheno- 
mena is that the kathbdic half contracts immediately upon 
closure, after which the anode begins to relax. Similarly, on 
"^ning the anodic break excitation, characUn’ised by a strong 
rapid contraction of the section of ventiicle affected, the 
kathodic opening effect follows, and— -like the anodic make — 
produces relaxation of the previously contracted parts. There 
is thus a coincidence between the effects of the kathodic 
make and an odic break excitation on the one hand, and tlie 
anodic make and kathodic break on the other. 

^It is important to the significance of the kathodic opening 
relaxation to observe it at it^ best upon fresh, excitable prepara- 
tions, and in a few successive makes or breaks only. The effect 
grows weaker and more obscure in proportion witli the length of 
closure, or frequency of stimulation, with uniform direction and 
strength of current, and finally it fails altogether. Wlmtever 
means of excitation may be employed, we have observed 
this to be especially conspicuous in certain cases where, 
after double ligaturing of the apex of the heart, resulting in 
pronounced contraction, the effect occurred on one side only 
with subsequent passage of current. The entire tlescending 
current of a DanieU cell produced in this case a marked (anodic) 
relaxation at the base of the otherwise uninjured ventricle, 
extending only over a very small portion of it. Closure ol 
the ascending current produced no effect, or at most resulted in 
a weak contraction of the previously relaxed upper section, while, 
on the other hand, after a prolonged closure of about 4 secs., the 
kathodic opening relaxation appeared at the Ijase with great dis- 
tinctness, though only in a few consecutive excitations. Having 
once become aware of this effect, we repeatedly obtained the 
same result on the normal heart immediately after attach- 
ing the canula, when the tonic contraction had developed 
itself. Two conditions are here essential : first, the preparation 
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‘ must be fresh, and as excitable as possible ; second, the current 
must not be too weak, nor closed for too brief a period. As a 
rule, 2 to 3 secs, closure was sufficient with the full strength of a 
Daniell cell. After the first anodic wave of relaxation has nin out, 
the ventiicle contracts in systole, next a peristaltic diastole sets in, 
and so forth. If the current is broken shortly after the second 
or third systole has begun, a diastolic wave, beginning at the 
kathode, may frequently be seen to sweep over the entire 
ventricle, diametrically opposite to the former direction. 
Sometimes this may still be detected in the second and even 
third diastole after the current has been opened, followed at the 
point of peristaltic relaxation, if the pulsations continue, by a 
diastole which seems to commence simultaneously all over the 
ventricle. From this we may infer that the kathodic break, like 
the anodic make, relaxation, propagates itself from cell to cell 
(by conductivity) from its starting-point. This conclusion, 
together with the fact that the first-named effect only occurs 
plainly under the most favourable conditions, seems to exclude 
the hypothesis that it is a manifestation of fatigue, produced by 
persistent kathodic excitation. It is much more probable that we 
are here in face of a characteristic and active reaction (equivalent 
to the anodic closure effect) of tonically contracted cardiac 
muscle. 

These facts relating ^tp the eSect of the electrical cur rent 
upon the cardiac muscle of invertebrate and vertebrate ani mals 
may no less appropriately arrest our attention than the excitation 
effects previously described in smooth muscle, since they form a 
distinct contribution to our knowledge of the effects of the 
electrical current. We see, i n the first place, that the k athodi c 
make and anodic break contraction are by no means the on^ 
visible efiects of electrical excitation, but that an antagoni^ic 
inliMtoi'y also occu^^^^ during an_ existing state 

of excitation;^ and expresses itself the relaxation of a pre - 
viously contr^ted p^rt. Since, in the great - majority of cases 
relating to the electrical excitation of contractile structures, 
the latter are in a state of comparative quiescence at the moment 
of excitation, it is intelligible that nearly all observations 
should refer to those manifestations of activity which it has 
alone been usual to regard as excitation phenomena. But the 
investigation of appropriate objects further shows that the 



Ill 


ELECTRICAL EXCITATION OF MUSCLE 


265 


electrical current, of which the direct and normal effect is 
contraction of the relaxed and “resting” muscle, is able no 
less legitimately to inhibit a pre-existing excitation, and to pro- 
duce an active relaxation of the contracted muscle. It may 
further be demonstrated that these “inhibit ory effects ” of tlm 
cu?r§BL£ause_tru^‘'^p^^^^ as much as the excitatory 

process, and as in this last two “ excit atldns,” (hstinct witli 
regard to time and place, if otherwise equivalent, may be dis- 

here it seems 

.justifia ble in the^ case^ .cited . . to _ speak of two equaliy distinct 
“ inhibi tions,” .closing jind an_ opening inlnlntion^ or, more 
proper ly^ anodic^ and kathqdic inhibition, iuasmuch as the one 
ap pears at the pomt _of „entrance,^ t^ at the ^int of 

exit of .the current . It was to be expected a fr oirrthe 

complete coincidetice ip physiological properties between cardiac 
and skele tal muscle-fibres, that under fayourabl e condition jT there 
should be polar effects^of inhibition at the latter also. 

It i s evident that, in order to decide this question, a 
suitable mu scle must be thrown into a st^^^^ persistent excita- 
tion, com parable with that of cardiac muscle during systoUc coii- 
traction, o r during the characteristic tonus heart. 
This is best effected by the use of veratrin, which, as has been said, 
so changes the muscle-substance that after a short impact of stiinu- 
latio n there is not, as under normal conditions, a rapid tioUch, hut a 
prolonged tonic contraction, often persisting unchanged for several 
^cond s^^^cluring which period the’efE^cfciTor^tke"^^^^^^^ current 

can be convenientlj studied (36). We have found it advisable 
to introduce 6 to 7 drops of acetate of veratrin (1 % solution) into 
the posterior lymph -sac of a frog, which was killed al)Out ten 
minutes later. The typical curve of contraction of a muscle thus 
poisoned (sartorius) has already been described. It is only 
necessary to recall the effect observed when a muscle, fixed in 
the middle, and extended in Bering's double myograph, and 
excited by a single induction shock, is traversed, after the maxi- 
mum of contraction has been reached, by a battery current, pre- 
ferably ascending, "^e anodic half of the muscle will then, at 
the moment of closure,^ feu^hen consM^rably^ and the correspond- 
ing curve makes a sudden dfop,^ while the kathodic half, as a 
lm[e^ becomes more contracted at the same moment, or at any 
rate shows no longitudinal changes. If the current is then 
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opened after a short closure, diametrically opposed changes of 
form will be visible in favourable cases in both halves of the 
muscle. The anodic _half shortens, often in no inconsiderable 
degree, which must obviously be the; expression of the; break 
excitation, while at the same time the kathodic half is more 
plain ly relaxed' than would presumably have been the case without 
the intervention of excitation. On rapidly repeating the stimuli, 
with uniform direction of current, the same phenomena ap- 
peal*, though in diminishing quantity, as at the beginning of 
the excitation, for as long a period as the muscle remains in any 



Fia. 93, — Sttrtorius fixed In the middle (double myograph). Pereistent veratrin contraction. S, 
demure ; 0, opening of a constant current. Relaxation occurs at the anodic (/4), con- 
traction at the kathodic (K), half of the muscle. 

considerable contraction (Fig. 93). From this it woul d seen p 
that we are here concerned ^ssentmlly with local changes in th e 
muscle, confined to the immediate pr^^ the physiolo gical 

anode or kathode, and no t^^ as in cardiac muscle, extending 
over a larger area, chang es j)j fqrm_descnb _gj2nye 

in^the sartorius, thrown by veratrin into an artificial state 
“ imalogous to’^ toiiTis^'**^ present analogy w ith the 

^nsequeiices of electeical excitation in systolicaUy - co nti^te d^ 
cardiac muscle, as above described. Here, too, along with the 
ordinary cflects of polar excitation (which for the rest appear less 
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plainly than during the resting condition, and may even fail 
altogether), polar inliibitory effects may be directly demonstrated, 
and express themselves in the quelling, or diminution, of a pre- 
viously existing state of excitation, and in a relaxation conditioned 
by the same, which is in the first place local. The well-known 
lengthening, at closure of a homodromous current, of the muscle 
in persistent opening contraction must be regarded as a kindred 
phenomenon, preserving a distinctive character only in so far as 
in this case there is inhibition of the state of excitation produced 
by the after-effects of the previous current at the physiological 
anode. Since a k^lm^c may also be demon- 

strat ed, at least incipiently, upon the veratrinised muscle, where 
the curve in question drops suddenly, the hypothesis of two 
inhibi tory pr(^esses, antagonistic to the polar excitatory processes 
(^ich 3o not, as a rule,^fihd 'visible* express^^^ in striated skeletal 
niuscle, while in many smooth muscles, as also in cardiac muscle, 
they are easily demonstrable during systolic contraction), would 
appea r to be Jgerfectiy Jiis tified 

A few points still remain for consideration, i.e. certain 
phenomena which may appear at closure during the electrical 
excitation of striated muscle, and are obviously analogous to the 
excitation phenomena appearing at the anode in many smooth 
muscles. In bo th cases the eff ect is due,^lely^ to the appearance 
of secondary kathodic points. We have already seen that in the 
longitudinally traversed sartorius (fixed by the middle clamp) 
there is frequently, with strong ascending currents, a well- 
marked persistent closure contraction in the anodic hall 
of the preparation also, which cannot be referred to fin en- 
croachment of the persistent K.C.C.^ This is most plainly 
seen with injury (death) of the kathodic end. In this case even 
very strong, admortal currents (i.e. directed towards the demarca- 
tion surface) fail to produce any trace of continuous contraction 
at the limit of demarcation, although the muscle twitches sharply 
upon closure of the circuit ; on the other hand, there is invari- 
ably a continuous contraction at the anodic end of the muscle, 
which increases directly with the strength of current. This 

^ A.C.C. = Anodic closure contraction. 

A.O.C. = Anodic opening contraction. 

K.C.C. = Kathodic closure conti’action. 

K.O.C. = Kathodic opening contraction. 
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effect is unmistakable to the unaided eye, or with a magnifying 
lens, but with the graphic method many additional details can be 
detected. If a sartorius (stretched in the double myograph, 
killed at the pelvic end, and clamped in the middle) is excited 
by currents of increasing strength (4-8 Dan., with rheochord), 
the first effect produced will be only the normal reaction of 
muscle injured at one end, as described already. Excitation 
with a descending current is followed by a pronounced make 
twitch (fairly symmetrical in both halves of the muscle), with a 
subsequent persistent contraction, which appears in the kathodic 
half only. The closure of the ascending current is at first with- 
out any effect, eveii at such a strength of current as would in 
the normal muscle provoke maximal closure contractions under 
the same conditions. Beyond a certain limit of intensity, how- 
ever, the ascending (admortal) current once more begins to excite 
at closure, often indeed before an effective break excitation 
appears with the same direction of current under conditions 
favourable to its development, because the current is of greater 
density at its exit from the small end of the muscle. 

The make excita- 
tion always expresses 
itself at first as a 
pronounced twitch on 
the anodic side with- 
out any conspicuous 
persistent contrac- 
tion. With increased 
strength of current, 
however, this appears 
also, exchtsimly in the 
anodie half of the 
muscle ; the kathodic 
half relaxes completely aft&r the inake twitch has subsided (Fig. 94). 

At a certain strength of current the latter nearly always 
overtops the twitch at closure of the descending ('* abmortal ”) 
current. With increasing current intensity, the persistent A.C.C. 
increases rapidly at the lower end of the muscle, and in its turn 
soon exceeds the persistent K.C.C. of the descending current in 
magnitude and extension (Fig. 94). 

In addition to tliis, the gradual swelling of the persistent 
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94. — Sartorius fixed .at tlie middle, killed at tlie pelvi 
end(O). (8 Dan.) Persistent anodic closure contractioj 
After a pause of twelve minutes the effect of the <l 
scending make excitation (at h) liad decreased considi 
ably, while the ascending excitation remained imifon 
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A.C.C. with repeated excitation is veiy noticeable. There is 
little doubt — as could easily be verified experimentally by time- 
measurements — that the closing twitch in a parallel-fibred muscle 
killed at one end is discharged with a sufficiently strong ad- 
mortal current in the anodic half of the muscle, from whence it is 
propagated outwards. This appears, inter alia., from the fact tliat 
under these conditions the curve of the twitch on the anodic side 
is considerably larger than that at the kathode, while in all cases 
where excitation starts from the kathode alone, the corresponding 
half of the muscle is most strongly contracted. 

Direct observation of the anodic end of the muscle, preferably 
with the magnifying lens after previous banding with sepia, shows 
that the persistent anodic contraction which appears with closurt5 
of strong currents, extends, unlike the wcU-mtirkcd persistent 
KC.C., over a fairly large area, never, however, producing, as in 
that case, a swelling at the exterior ends of the fibres?, whicli are, 
indeed, rather extended visibly, i.e. are unexcited. The two or 
three most internal bands of sepia, as well as the uncoloured 
spaces between them, do not perceptibly decrease or approximate 
(as is characteristic at the kathodic end), whereas, on the contrar}^ 
the more central bands do decrease and draw togetlier, cui’ving 
conversely towards the anode. This leads to a coiitracjtion swell- 
ing, starting from the continuity of the muscle, but close to the 
anodic end, and gradually dying out towards the middle. If one 
electrode (kathode) is applied to one of the two bone Btum])s of 
the sartorius, while the finely-pointed anode is in contact witli 
any point of the surface of the moderately extended muscle, it is 
apparent, even with weak currents ( 2-3 Dan.), that therii is no 
trace of contraction at the actual point of entrance, and with sepia 
marking it is easy to see that at such a point there is a not 
inconsiderable extension of fibres, — as appears plainly in a corre- 
sponding expansion of the cross-band in contact with the 
electrode, as well as in the adjacent segment of fibres. Tiiis 
passive extension at the entrance of the current is caused by a 
more or less pronounced contraction, which originates at both 
sides of the anode at closure, and persists during the passage oi 
the current. By this method of experiment it is possible Uy 
observe the local anodic inhibition (relaxation) of the veratiiu 
muscle more easily and plainly than with the aboye-descril)ed 
graphic method. It is only necessary to close the circuit twice 
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in succession without disturbing the electrodes : first, for a 
moment only, to produce sustained contraction of the vera- 
trinised sartorius ; and secondly, for longer, in order to observe 
the local relaxation at the anode. 

If the normal muscle in situ is stimulated with unipolar 
excitation, the difference between kathodic and anodic effects is 
strongly marked, even with the weakest currents. While with 
punctiform contact of the muscle surface with the kathode, a 
local persistent contraction appears at the point of contact only, 
(after the make twitch has subsided), wlnle the rest of the surface 
remains perfectly even, stimulation with the anode produces — in 
consequence of the persistent excitation in the bundles of fibres 
on either side of the point at which current enters — a deep, 
permanent, longitudinal furrow upon the surface of the muscle, 
while the actual point of contact and its immediate neighbourhood 
remains unexcited, and more or less extended, so that a flat, 
dinted constriction appears. 

With this mode of excitation the break effect shows very 
plainly as a small swelling, which appears at the point where the 
current enters, as soon as the circuit is broken, and remains 
visible for a long period. The similarity between this re- 
action in striated skeletal muscle, and the effects of electrical 
excitation in smooth muscle discussed above, is undeniable, so 
that the presumption of a fundamental uniformity in the response 
of these two kinds of muscle, as well as of cardiac muscle, to the 
electrical current, can hardly be disputed. This applies both to 
the manifestations of polar excitation, and the equally polar 
effects of inhibition. When it is remembered that the manifesta- 
tions of excitiition near the anode only appear with weak 
currents, on “unipolar” excitation, and, as found from recent 
experiments, fiiil altogether if the muscle (sartorius) dips 
into fluid, and is longitudinally traversed — appearing only 
at a high intensity of current, notably when the direction is 
ascending, if the preparation is stretched in Hering's double 
myograph — it can hardly be doubted that we are again in face of 
excitation effects at secondary kathodic points, the existence of 
which, with unipolar excitation, is self-evident, but which must 
also be present, more particularly at the knee end of the 
sartorius, when current is sent in from the stumps of bone behind 
it. This is the necessary consequence of the peculiarly graduated 
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fibre-endings at this end of the muscle, which provide repeated 
opportunities for the current to escape into adjacent fibres of 
the muscle. 

Although these phenomena are of no special physiological 
interest, they are deserving of thorough investigation, on account 

of the very striking polar effects — due to the same causes in 

different smooth muscular organs, which might eiisily conduce to 
the fallacious assumption that there was a reversal of Plliiger’s 
law of excitation. On the other hand, we find in them tlie 
key to a number of older observations on striated muscle. 
Even th e earlier literature contains some— if rare— iiisbiiices, 
:whicirindicate that striated muscle, under certain conditions, 
if not invariably, exhibits a retiction to the electrical cuiTcnt 
^ich differs from the normal, inasmuch as at closure of the 
current, excitation appears on the anodic side also. Tlie first 
observations in this connection are those of Aeby (20), dating 
from 18 BY, which led him, in opposition to Bezold and Engelmann, 
tb"^^e conception of a hiiMar, though n7i€Q^iuil excitation of the 
muscle, by the constant current. Moreover, Aeby thouglit he had 
’proved that under certain conditions, more particularly with 
progressive fatigue of the preparation, the normal reaction — in 
which the excitatory action of the kathode far exceeds that of 
the anode — was exactly reversed, ^by’s experiments, however, 
no means unimpeachable, as botli Engelniarm and 
Hcring (1) pointed out later. This applies in particular to an 
experiment in which the two legs of a frog still united by, and 
(TepenSenib from, the pelvis, are traversed by current, the two wires 
use^d^^' elec^odes being connected to the lower end of the legs. 
The bones of the thigh were previously freed, and on excitation 
th^leg traversed in bt descending direction appeared to contract 
more markedly than that in which the cmTcnt passed upwards, 
from which Aeby concluded that the effect at the negative pole 
predominated. But no account is taken, on the one hand of the 
differe nce between jDhysical and J)hysiological electrode points, as 
insisted on by ^gelmann and Hering; on the other hand, of the 
difference in density of current at knee end and pelvic end of 
the two linibs r^pcctively. Still, however, even in this case the 
reversal of effect becomes apparent after prolonged duration oi 
experiment. Aeby concludes from this that fatigued and dying 
muscle possesses different properties from fresh muscle ; it is no 
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longer excited to greater activity at the negative, but only at 
the positive, pole. Engelmann, also, came to the conclusion later 
that such a complete reversal of phenomena (i,e. of the law 
of polar excitation) might take place. But until it ' has been 
determined by unexceptional experiments, there must be great 
scepticism in regard to such statements. 

Aeby also set up experiments in which a single muscle 
(sartorius, adductor magnus) was fixed at the middle with a 
clamp, so that both halves moved freely. By reversing the 
direction of current the twitch of one (the lower) half only was 
giuphicfilly recorded. At the closing twitch more energy was 
invariably developed at the negative than at the positive pole, in 
a fresh muscle ” ; with very weak currents the kathodic half only 
contracted. The break twitch usually behaves conversely to the 
make twitch. Engebnann is inclined to refer this effect to the 
disturbance of conductivity at the clamped part, whence it 
would follow that, e.g, at closure, the excitation starting from 
the kathode cannot propagate itseK without diminution to 
the anodic side. Here, again, however, Aeby’s conclusion 
“ that the negative twitch suffers much more from fatigue 
than the positive,” and that with much fatigue the reaction 
of the fresh muscle may be inverted, appears to be of value. 
The preceding observations on the clamped sartorius might easily 
be recorded as a further confinnation of Aeby’s conclusions (cf. 
Eig. 94), but the phenomena in question only appear character- 
istically with such strong currents that the effectuation of 
secondary kathodic, or anodic, points is not thereby excluded, 
and may, even in Aeby’s experiments, have played a considerable 
part. 

In conclusion, we must not omit the much talked -of 
alterations — hitherto investigated by the pathologist only — 
which appear after the peripheral paralysis of striated (warm- 
blooded) muscles, in regard to electrical reaction. These, as pre- 
viously stated, express themselves partly in quantitative changes 
of excitabihty towards induced and constant currents, partly, as 
will be shown, by a qualitative alteration of the polar effects of 
excitation, and that in the direction stated above for Aeby’s 
fatigued muscle. While, under normal conditions, the kathodic 
effect of excitation (so-called ‘^kathodic closure twitch”) pre- 
pondera.tcs considerably in direct unipolar excitation of a 
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muscle by the constant current, this ratio is revelled in 
paralysed muscles at a certain degree of degeneration (" remtion 
of degeneration'"). Before giving a final judgment it would be 
necessary here, as in fatigued muscle, to make further investiga- 
tions with unassailable methods, for the conditions under 
which alone the experiments in question can be tried in man, or 
have been tried on other animals, by no means correspond 
with the demands of an exact physiological method. On the other 
side, there arci so many results, derived from irreproachable ex- 
periments upon different muscles and nerves, which are opposed 
to the theory of a reversal of polar effects, that any supposed 
exception must a priori encounter suspicion, and can only Jiope 
for recognition if the conditions of experiment and all acicessories 
are perfectly simple and obvious. 

Among the visible manifestations of excitation which appear 
in striated jnuscle, in consequence of the electrical current, must 
be reckoned the so-called Porret's effect or gtdvanic masclc^wavc. 
Kuhne (37), in 1860, first described this remarkable appearance. 
A muscle with })arallel fibres, traversed by a strong current, falls 
into a characteristic wave-like, or fiowiug, movement, which 
spreads in the direction of the positive current, and remains 
localised to the intrapolar area. Ktilme only alludes tentatively 
to a possible connection of this appearance with the Iteuss-Porret 
phenomenon of electric transfusion, but, on the other hand, he 
expressly points out the ‘'deep internal relation to what, with 
electrical excitation, is termed a twitch.’' Du Boisdieymond (38) 
also recorded this wave as an excitation effect, the expression 
of localised contraction proceeding from anode to kathode. The 
whole appearance, indeed, recalls in a marked degree the fine 
waves and ripples which sometimes appear in the frog’s sartorius 
with mechanical excitation also, and show directly that “ the 
wave is a form of muscular motion, which can arise without any 
excMation hy current!" Undoubtedly, waves of contraction of very 
different heights may spread over the muscle ; “ at one moment they 
are enormously exjjahded, at the next so fine that to the naked 
eye they only appear as a delicate ripple ; sometimes they run in 
the single bundles quite independently of one another, so that 
many swellings can be seen to spread simultaneously in different 
directions ; sometimes a single swelling extends itself over a larger 
area of the muscle surface” (Hermann, 39, p. 603). Ihe velocity 
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of the wave varies considerably, but is tdways insignificant. 
Hermann {l.c.) estimates it in fresh, freely-undulating prepara- 
tions at 4 to o mm. per sec. Wo have already shown that toler- 
ably strong currents are necessary in oT'der to produce a clear 
effect. It is fundamental to the conception of the wave as an 
excitation plienomenon that it is cj^dusively cliaractcrvitiG of 
stnaird liviny mmdc, and is non-existent in other moist tissues ; ^ 
further, as Hermann showed (/.c.), an effect of fatigue and re- 
covery of the muscle may be demonstrated, since the energy and 
rapidity of the wave diminish gradually, to incrciise again after a 
prolonged period of quiescence. Above all, liowever, it must be 
noted that, as in muscular excitation in general, the Uiivpcrdtiirc 
of the moment nffccts the galvanic loacc in a most strihmg manner. 
On sending cun'ent through fresh muscles (sartorius) in a warm 
oil bath, Hermann (/./*.) found that the effect appeared in 
extreme perfection, no id(3a of which could be formed from 
ordinary experiments. The diffusion, as well as the height ami 
V(docity of the wave, are enormously increased l)y higher tem- 
|>erature ; on the other hand, the eflbct disiippears entirely 
witli even moderate cooling. The eflect of mvscnlar temion is 
further very conspicuous. The wave is always most juarked 
with the ordinary medium degree of tension, and ceases to l)o 
visilde with either very high, or completely absent, tension. 
Wlieii the significance of the degree of tension at any given 
moment to muscular excitation (as also to metabolism) in the 
entire muscle is rememl>ered, this reatUion can hardly be sur- 
prising. 

It has already l)een shown that the direction of the wave is 
always from anode to kathode, but the anode itself is not the 
starting-point of the. waves of contraction. If excitation is effected 
with a current of such intensity that the \vave is just perceptible, 
it appears, as a rule, to be most marked in that tract of tlie 
muscle which, during closure, is tlinnvii into pei^sistent contraction. 
It frequently happens that the extreme ends of the fibres on the 
anodic side, as also the entire kathodic half of the muscle, show 
no trace of the Avave, wliile the greater part of the anodic side is 

^ On applying strong omrents ^^eumaim (12) frequently observed a plienomenon 
in caidiac muscle (of frog) whicli appeare to be analogous with the galvanic wave, in- 
asmuch as peiistaltic waves spread during closure in the direction of the current in 
.such regiilv'* succession “that the heart seems to give faint, delicate pulsations.” 
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thrown into prononnced undulation. Incttriahl//, howcirr^ the 
wave bcf/im in the immediate pmvimitt/ of the anodic end of the 
inusclo, and spreads thence in marked currents over the entire 
niuscle. This points to a very close relation between the 
above-described persistent anodic closure contraction and the 
galvanic wave,” and it can hardly be lallacious to legard both 
phenomena as two ditferent symptoms of one ami the sanu*. 
change in the muscle. In this connection it is to be noted 
that Hermann (I.e. ]>. 602) occasionally received the impression 
that on opening the circuit “a short ripple <u‘ wave proceeded 
towards the anode — Le. in the opposite direction to the charactm*- 
istic phenomenon.” Death or chemical cliange at the e.nd of tla^ 
muscle produced as little elleet upon the galvanic wave as iipim 
the persistent anodic closure contraction. If this last is admittiid 
to be a manifestation of excitation deiHuiding upon the enectuation 
of secondary electrode points in the continuity of tlu^ muscles 
traversed by the current, the galvanic wave can hardly lu* 
regarded as ditferent. In view of these results, tlic tlu*ory 
supported mainly by Jendnissik (40) ami itegeezy (41) tliat the 
galvanic wave is princi])al]y due to the changivs of Ibian and 
place which the canaliculi containing blood and lymph in the 
entir(i muscle (or any part of it which consists uf sevei'al bundles) 
undergo in consei[uence of the endosmoti(j transference of Iluid 
jjarticles witliin them, caused by tluj constant current, must be 
regarded as sulliciently contratlictcd, es]H‘eially as — since ller- 
Jiiann’s resear(dies— there can Imj no doubt as b> the activ(‘. 
co-operation of tluj living and excitaljle muscle-fibres. Herma.nn’s 
explanation (l.r.) of the galvanic wave, on the ollujr hand, jaese.iits 
no objections. He starts fnnn the um[Uestionably (*oirect 
assumption that witli even tlie strictest longitudinal e.xcitation oi‘ 
a muscle with parallel fibres, “ tlie majojity ol' librr's hav(* not 
mei’cly one anodic ami o/w kathodic point, cr)rn\s]>onding with thfi 
electrodes of tlie entire jjiiiscle, but a gr(*at number f>f j/oints of 
entrance and exit, due to the oblique or tiansverse course of the 
lines of current to single points of the. iilavs, (‘.sprttdally wliere. 
the latter are accidentally ciTimple<l together.” Strong euvrents 
set up excitation at each of the secondary kathodic points, hy 
which a contraction swelling is produced, that spreads slowly 
towards the kathode. ‘‘ The origin and progress of the swelling 
makes new changes and new irregularities between the lines of 
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current and the fibres, and thus mv) excitation is occasioned. In 
this wise the marvellous wave can te accounted for.” Special 
attention, however, must be given, on the one hand to the starting- 
point of the wave, and on the other to the difficulty already pointed 
out by HermaTin, that the wave fails to appear just when, as it 
seems, all the conditions arc most favourable to the production 
of secondary katlujdes by curvature of the fibres, i.e, in completely 
relaxed muscle. If it is admitted, as Hermann states, that under 
certain conditions of ^sig-zag curvature in tlie muscle, the physio- 
logical eflect of longitudinal passage of current may be equivalent 
to that of purely transverse current — since in the one case, as 
in the other, the* anode and kathode of the same fibre arc 
exactly opposite — it must also be remarked tliat the wave is 
conspicuously absent in many cases, wliere curvature of the fibres 
am hardly be detected in the extended muscle. In order to 
explain the slow propagation of the waves of contraction (in one 
direction only), Hermann assumes that there is injury to con- 
ductivity within the entire intrapolar avcii, in consequence of 
excitation by strong currents. This, liowevcjr, seems question- 
able when we rellect that a perfectly similar wave may also be 
observed 'tndcpcmlently of the pemaye of mivrent in quite fresh 
muscle, if it is excited in a given way (mechanically). It was 
shown above that the same muscle may transmit slow and last 
waves of contraction, without any considerable underlying altera- 
tion in its condition. It is due far more to the quality of tlie 
stimulus. 

It is very essential to tlie entire theory of tliese mani- 
festations of excitation in the continuity of the muscle (as to which 
there is still mucli to be explained) tliat we should know 
whether the electrical current does not produce further change 
within the area of muscle tiUA^ersed, in addition to tlie polar 
effects described, or wlietlier — as has, so far, been tacitly accepted 
— this tract is only indirectly affected by the action set up at the 
most important |)hysiological points of anode and kathode. Here 
there is of course no question of the temporary effectuation of 
secondary electrode points. \on Bezold (10), to whom we owe 
the first thorough investigation into tlie ele(‘.triciil excitation of 
denervated muscle, included this question in his experimental 
inquiries, and replied to it by saying tliat, so long as current 
traversed the muscL.^ at constant strength, there were continuous 
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the one hand, the excitiibiliiy, and on the other, tlie conductivity, 
of the iutrapolar tract were fundainentally aifeeled. Since 
changes in the excitability, or conductivity, o1* any section of 
the muscle can only be inferred indirectly from corresponding 
changes in the magnitude of contraction, observed at the same 
spot with uniform excitation, the main point in the case before 
us is to apply uniform stimuli to any point of the iutrapolar 
tract, before, during, and after the passage of current, and then 
to measure the height of twitch by grapliic methods. It is 
obvious that only the electrical stimulus is applicable in tliis 
case, since it alone permits of exact graduation of tlie slnuiglh, 
and does no immediate injury beyond the sped- excited. Hut the 
application of the electrical current as a lest stimulus of tht‘ 
excitability of a tract of muscle already traversed ))y current, has 
to contend with considerable practical tlilliculties mi account of 
the hardly aviudable interference of the two currents. If tlie 
battery current, the eflect of whicli is to alter the excital)ility 
.and conductivity of the tract of the muscle traversed, is termed 
the “polarising,” while the induction current, on the other hand, 
used as the test stimulus, is called the “exciting,” cuiTcnt, it is 
clear that if the electrodes of the latter are apiilied dii ei'tly to 
the muscle traversed by the constant (aurent, currimt must 
necessarily flow from the one circuit into the other in prciportion 
with the resistance in both circuits. Hut if tlui polarising (con- 
stant) current is partly ilivcrted into the. circuit f)f tlie exciting 
(test) current, a physiological kathode will n(jc(?ssarily he formed 
at one of the exciting electrodes, thereby producing a (*ontiiiiu>us 
state of excitation, which, on its si<lc, complicates the cllc'cts of 
the test stimulus, so that temporary changes in the Iieiglit ol the 
twitch produced hy the test stimulus before and aftcu’ closure ol 
the polarising current, cannot well he referred to idtcratioii of 
excitability in the parts in question, wbicli would be rvfir- 
pendent of direct excitation Iw the ]K)lMrisiug (*urrent. T1i(i 
following point must, moreover, be taken intc> ceiisidm'ation. 

According to the law of polar excitation, slimulation takes place. 
— following the direction of the curnait — now at om?, and 
now at tlie other, end of the tract traversed, on closure ol the 
test current, from which it necessarily follows, owing to the. 
oblique direction of the lines of current, (from the laboal 
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situation of the electrodes), tliat the physiological kathode, or 
anode, must possess a considerable extension. In the one case, 
therefore, if a branch of the polarising current diverges into the 
exciting circuit, the physiological kathode of the test current 
falls upon points of fibres that are already kathodic ; at other 
times the contrary occurs, since the kathode of the test current 
then coincides witli anodic points. The effect of the test current 
naturally depends upon its direction. Since the distribution of 
current into the two circuits depends solely upon the ratio of 
resistance}, it is possible, in any given case, to throw such a resist- 
ance into the exciting circuit that the resistance of the short tract 
of muscle between the corresponding electrodes sliall l)e minimal, 
to avoid a branching of the constant current into the exciting 
circuit (Hermann, llandh. IT. i. p. 44). The experiment is 
arranged as follows : Two non-polarisable electrodes iastened 
to a movable holder, are applied in the usual manner to different 
points of a sartorius, stretched in Hering's double myograph. 
The ]nake induction current is exclusively used as the test 
stimulus, and is led in by threads moistened with physiological 
NaCl solution, in order to interfere as little as possible with the 
changes of form in the muscle. The length of the intrapolar 
tract is about 8-4 mm., and its resistance is therefore 
negligible in com])arisoii with that of a glass tube 2 m. long by 
0*5 cm. in diameter, filled with very dilute CuSO^ solution, 
introduced into the primary circuit. The twitches are recorded 
ui)ou a smoked surface, one electrode of tlie double myograph 
being permanently fixed, while the other is in connection with 
a writing-point. The intensity of the polarising battery current 
is graduated as required by a rheochord. The closure and 
opening of the constant current is effected by a mercury key 
introduced between the rheochord and battery (2 Dan.). If the 
polarisuig and exciting current liave the same direction (botli 
descending), the case is, in the first place, conceivable in which 
the points of exit fall bjgether, the negative test electrode being 
applied to the stump of the tibia, while the other is in contact 
with the end of the sartorius. In this case there will be marked 
alterations in the excitability (to be described below). Quite 
other results occur, wiien hoth exciting electrodes are placed in 
the continuity of the muscle. According to v. Bezokl, it miglit 
be expected that during the closure of a very weak current, a 
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condition of iocreased excitability would spread from the kathodic 
end over a certain larger or smaller area of the tract lying 
between the poles. At first sight this seems to corres])ond witli 
the observation that when both electroiles are so applied to tlie 
lo\ver end of the muscle that one (kathode) is 2 to o mm. 
away from the tendon end, and the other a) unit 4 mm. higher, 
the height of the minimal twitch discharged by the closure of a. 
descending induction current, during polarisation by a very weak 
descending battery current, is greater than it was before. Cdosm* 
examination, however, shows that this conclusion is not justilied, 
the experimental result being due solely to tlie structure of tlu‘ 
muscle. Since, i,e. the muscle- fibres are not all of the same 
length, and are inserted at the lower end into an ol)li(jue surfac'c, 
the ])hysiological kathode of the muscle traversed longitudinally 
in a downward direction, must necessarily extend oviu’ a measur- 
able and tolerably extensive ])ortion oi* the lower half of the 
muscle. So long therefore as, under the experiimmlal con litions 
described above, a sidlicient number of ends of fibres fall under 
the kathode of the test current, a i)erce]>til)le altemtion of excita- 
tion eflects during polarisation — manifesting itself eilh(‘r as 
increase or as diniinutum of excitability — is juM liu-tly intelligibli^. 
The latter, i.e. ajjpareiit extension of del)r(^ssioll ol‘ (*xeitability 
over the intrapolar mnsele region may be observed iind(*r llu* 
same experimental conditions, either when willi d(‘scending 
polarising and test currents the intensity of the foiiner incicascs, 
or when witl) an ascending judarisation enjicnt the exciting 
electrodes, whicli are close togetln*r, aT*c hionglit so m*a]‘ to tin* 
lower end of the muscle that the excitation is still in ]»ait <li.s- 
charged within the anodic area. If, howcvci', tlie t(*st (decUodi^s 
are pushed farther and farthen- along the nmscl<* to iis njijuu* 
end, it may easily be ascertained tJiat with tlic given sti'migtli 
of the polarising battery current a. jicrcejitildi^ cliange. in tluj 
height of twitch before and during the j»assage of current cannot 
be demonstrated at any other point of the; intiajMilar area. It 
is therefore solely the spatial distil hu lion of tin* points of 
entrance or exit of current at the lower end oi‘ the mnsele, dm*, 
to irregularities of structure in tlie sartoiins, which occasionally 
produce a wider diffusion of the excitatory changes confined, 
as we shall see, to the physiological anode and kathode. If 
the negative test electrode lies outside the region of the physio- 
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logical kathode, or anode, of a parallel-filn’ed muscle traversed 
longitudinally, no changes of excitability will be displayed in 
the intrapolar area, in either a negative or ])Ositivc sense, 
when polarising battery currents are applied of not excessive 
strength. Just as little would this be the case at break of the 
polarising current. It wamld thus appear that the electrical 
cuiT(uit may traverse the muscle without producing any directly 
demonstrable alteration of the substance with the sole exception 
of the polar points. Veiy diflerent, as we have seen, is the re- 
action at the physiological kathode and anode proper. Here it is 
easy to demonstrate marked changes of excitability in a positive or 
negative direction, either resulting from a pre-existing persistent 
excitation, or as the after-effects of such, or caused by polar 
inhibitory processes. To this we must refer the observations of 
v. P>ezol(l on alterations of excitability in the tract of muscle 
traversed, the method he employed being only adequate to test 
the (‘xcitability of kathodic and anodic points of fibres. Start- 
ing with the presumption that an induced current does not, 
like a constant ciirrent, act l)y i^okiv excitation only, but that it 
excites all j)oints of the area traversed simultaneously, and 
uniforndy, v. llezold ende4ivoured to test the so-called “ total 
excitiibility ” of the tract of muscle tniA^ersed by the polarising 
battery current, by making use of a break induction current as 
test stimulus, led into the muscle by the same electrodes as those 
wdiich conveyed the polarising current. Yon HezohTs experiments 
may be represented by the iliaginni (Fig. 95). 

The secondary coil of an induction apparatus (/S,) is intro- 
duced into tlie l)attery circuit, the intensity (d‘ which can be 
regulated by a rheocliord. If the constant current is opened 
at (a), an induction current will traverse the muscle in one or 
the other direction at (‘losure or opening of the primary circuit, 
giving rise to a twitch in the muscle. If the battery circuit 
is closed at (Vr), a part of the current, at any given intensity 
as determined by the rheocliord, will pass continuously through 
the muscle. If the })rimary circuit is again made or broken, 
an induced current of the same strength as before will traverse 
the now polarised muscle in the coiTesponding direction, the 
relations lieing olndously altered only in so far as the exciting 
cuiTciit no longer starts from, and returns to, a density of 
zero, but from a density varying with the strength of the 
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polarising current. The second twitcli, like the first, is recorded 
graphically, and thus we obtain a comparative tracing ol‘ the 
time-relations and magnitude of twitcli in the muscle traversed 
(polarised), or not traversed, by current. If v. Bezolds ]m‘- 
sumption were correct, that all points of the tract through which 
current passes are excited simultaneously and uniformly, tlie 
comparison of the height of twitch in both cases would not 
indeed determine the changes of excitability in di‘finite points 
of the intrapolar area, since the different elements would of 



course participate collectively in such changes, citch ac-cordiiig to 
its particular state at the moment; lait we should obtain the 
sum of resulting excitalality, or as v. IJezold expnjsses it, the 
‘'total excitability,” in the tract of muscle traversed. As, ln»w- 
ever, it has since been demonstrated that induced (airrents, liktj 
constant currents, have only polar action, tlic exp(^riinents de- 
scribed can, of course, show no more than alterations in excita- 
bility at the physiological kathode or anorle. It is tlKjreforc 
evident that v. Bezold’s method only determines tluj alterations 
in excitability at the ends of the fibres in a longitudinally 
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traversed muscle, and contributes nothing in regard to the 
excitability of the intrapolar region. Besides this principal 
fallacy, his experiments are also hampered by the use of metal 
electrodes, which complicate the results by polarisation. 

In order to determine the 'polar eoioital)Uity of' a curarised 
muscle with parallel fibres, traversed by a constant current, from 
the above method — with as few fallacies as possible, and during ths 
pamtgc of live current — the uninjured sartorius, with its stumps of 
bone at either end, must be attached to the double myogTaj)li 
with unpolarisable electrodes, one of which is permanently fixed, 
while tlie other is movable, and connected with a writing le\'er. 
The arrangement is such that the |)olarising constant current and 
make induction current traverse tlie muscle in the same ascending 
or descending direction. 

In order to obtain a general notion, and also for better 
comparison with tlie results of v. Bezold, we subjoin two out of 
many tables of results in which the same method is followed on 


tlie whole 

as in the analogous e.K]>erimcnts of v. Bezold 

— 



I. 

HcJgljt of 
Twitcli. 

1. 

Twitch. 

Muscle unpolaiised .... 

4 mni. 

2. 


fi a .... 

4 „ 


» 

Tniiiiediutely after closure of very weak de- 
scending^ current (2 Dan. rlieocliord res. = 1) 

29 „ 

4. 


Immediately after breaking this current 

4 „ 

5. 


Muscle uiipularised .... 

4 ,, 

G. 


Immediately after closure of strong descending 
current (res. = 4) . 

32 „ 

7. 


On breaking thi.s ciirrent 

3 

8. 

» 

Polai’isiiig current sli*engtheiied (res. = 8) 
immediately after closure . 

2(5 „ 

i). 


3 secs, later ..... 

0 „ 

10. 


Immediately after opening the current 

0 „ 

11. 

»» 

1 minute later .... 

II. 

traci: 

1. 

Twitcli. 

Muscle polarised .... 

6 mni. 

2^ 


fi .... 

6 „ 

3. 


Immediately after closure of weak descending 
current (2 Dan. res. = 1) . 

29 „ 


1 Desconding and .is(tondiug currents vary in ettVct because of the as^nmnetrical 
form of the sartorius. 
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Ht'iuhl. ot 
Twitfli. 

4. 

Twitch. 

After 

5 secs. ..... 

2(> mill. 

5. 


JJ 

7 8ec8. more .... 

21 ,, 

6. 

>> 


4 „ . 

V 

7. 

>» 

JJ 

4 „ ... . 

16 „ 

8. 


JJ 

4 „ . . . . 

14 „ 

9. 

>» 

JJ 

5 „ . . . . 

H ,, 

10. 


JJ 

^ „ ... . 

f) ,, 

11. 


JJ 



12. 

)j 

JJ 

lu’eakiii" tlie current 

0 „ 

13. 

jj 

JJ 

40 sees. .... 

0 V 

14. 

j» 

JJ 

50 „ .... 

3 

IT). 


JJ 

„ .... 

T) 

16. 

JJ 

Immediately after closure of eame j^olarisiiiji 




ciiiTeiit ..... 


17. 

JJ 


5 secs, later .... 

21 „ 

18. 

JJ 


.... 

17 

19. 

JJ . 


,j .... 

12 ,, 

20. 

JJ 


ri „ .... 

4 

21. 

,, 


T) .. .... 

r .. 


It is obvious from these tables that^ as v. IJezoId fouiul, very 
weak constant curronts actually increase the excitatory (‘tiect, ol‘ 
single induction currents seiit through the entire iutra|)f)lar ar(*a, 
provided they are in tlie same direction. Tlie numbers (juoted 
show, moreover, that the increase in lieight of twitcli is miu'h 
more signiticant than was formerly observed by v. llezold. This 
is in great measure owing to the fact that the otherwise una.voi<l- 
able and rapid decrease of intensity in the weak |)oIa.rising current 
is prevented by the use of unpolarisabhi el(i(?tr(Klr‘s. 

An essential ditference, however, Ijctwccii tla^se rijsults and 
those of v. Jlezold appears when the ellect of dvruiion of cmirnf 
upon the consequences of test excitation arc.* takem ijito considera- 
tion. While, i.e. v. Bezold found on aj)]>lication of a ])o]arising 
current that the lieight of the twitch discliai'ged l)y an induction 
shock increased perceptibly with the duration of tlaj constant 
current (notwithstanding the disadvantage ol‘ i)rogi*c.s.sive polarisa- 
tion from the metallic electrodes), we hav(i never (^x])erienccd 
this, leather, when the battery curnmt was at first oi' xanj hv' in- 
tensity, so that no visible sign of excitation ajipcared at tin*- mom(*nt 
of its entrance into the muscle, the height of tint augnntnted 
twitches discharged by a homodromous induction current, rli<l in)t 
alter perceptibly, provided the jiolarising cui rcnt was not closed 
for too long a period. On the other hand, a more or htss pro- 
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nounced decrease in height of twitch could be observed in the latter 
case, under uniform conditions. It is, moreover, unmistakable 
that the excitability of tlie preparation just before polarisation 
commences, determines the time in which the diminution of ex- 
citability occurs after closure of the constant cun^ent. As a rule 
it may 1)6 said that depression follows the period of heightened 
response, in the katliodic fibre points of a weakly-polarised muscle, 
the more quickly in proportion as the excitability of the muscle 
is ah initio lowered from any cause, local or general. 

Tins is exhibited as well in preparations taken from frogs 
with deficient vitality, as in those in which excitability is only 
locally diminished (at the kathode) by tlie temporary passage of 
current. The latter effect can also be seen in Table TI. of the 
experimental series. Within M4 secs, after closure of the weak 
polarising current the angineiitative effect of the homodromous 
make induction current used as test excitation — at first strongly 
marked — bewune ])ractically zero. So soon after break of the 
constant current as the jiiuscle had recovered itself sufficiently 
to yield distinct twitches with the same test as before the first 
passage of curnmt, the polarising current was closed again. The 
height of twitch inimediately reached the same proportions as in 
the first series; on the other hand, the excitability of the 
kathodic jjoints of fibres diminished much more quickly than 
before, since a passage of current of 20 secs, suffices to inhibit 
the effect of the same stimulus. The depression and final in- 
hibition of previously augmenteil excitation caused by a homo- 
dromoiis induction current, makes its appearance more or Icvss 
quickly in proportion with the intensity of the batteiy current 
sent through the muscle. 

Starting froju minimal polarising currents, gradually increased 
in intensity by pushing up the rheochord slider, and giving the 
muscle time to recover itself between each pair of experiments, 
it is easy to verify the accuracy of this last statement. At a 
certain intensity of current, varying in proportion with the 
excitability of the preparation, the increase of kathodic response 
only occurs plainly at the moment immediately consequent on 
closure, and is hardly pereeptil)le with further augmentation of 
current intensity. This does not, however, as might be concluded 
from tlie foregoing observations of Engelmann on the rabbit's 
ureter, occur for the first time when the constant current has 
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already i^roduced an obvious, persistent K.(\C. ; on the eontrary, 
the stage of augmented response in most cases eludes observa- 
tion (on account of its excessively short duration) ii' the 
intensity of the polarising current is insutiicient to discharge a 
maximal closure twitch in the muscle. It is therefore a universal 
principle to employ only the weakest ])attei*\' ciirreiUs wlien the 
object is to demonstrate a marked increase of i-esponse in the 
kathodic points of the fibres at a given stage of polarisiition, 
since it might otherwise be easily overlooked. Hermann (42), 
togetlier with Pliiigcr and I^asse (in older ex]H?riments), liiuls that 
‘'in nerve, as well as in muscle, the etl'ect of a given induc‘tion 
current is increased by homodronious c'onstant currents, and de- 
pressed (to abolition) by opposite curnoits.’’ beginning witli tlu^ 
weakest constant ciiiTents, the increase of (*xcitatio]i from homo- 
dromous variations of current gives way to diminution wluui tlie 
strength of the constant current exceeds a certain limit ; Hmniann 
obtained the same results in a still more unexc(*ptional manner 
by using battery currents for amlalwii. 

In Tables I. and 11. {mpra) the twitch(‘s discharged by the 
test stimulus immediately after closurtj of the. batt(‘ry cuiTcjit. 
were approximately maximal. There is thus an n jtriori ])i‘ol)a- 
bility which receives experimental conlinnation, that Hut rrsjKjmi- 
tivity of the kathodic points of fihrrs in a trarvr^i'd hy 

enrrmi increases up to a eerluin Huiit iHlh Ha: intensity (f the 
2 }olarmn[/ current. This limit, however, is very low; in <jur own 
experiments it was reached as a nde at 1-2 cni. deriving 
circuit, with 2 Dan. as the battery. Beyond this limit, (*\cila- 
bility diminishes, as has been shown, iji ]»roi)ortion with the 
strength of the polarising cun-ent. 

It is just in the case in which the intensity of the latle.r is 
low that each increase of it produces a coriespomling .‘lugmentation 
of the excitatory effect of a homodronious induction (‘urrent, tliat 
the increase in height of twitcli corn^sponding to imireasiMl duration 
of closure of tlie battery current, recorded by v. Bcz<dd, might Dj 
expected ; but in no instance has it nia<le, its ajijx^arance. 

What conclusions then may be drawn from these exi»mini(mtH ? 
Since we know that the induction current used as t(*.sl stimulus 
generally produces visible excitation at the kathode oidy, i.f. at 
points of fibres which, (luring the elosuiti cjf the jiolarisiiig 
current, are already in a state of persisumt excitation, the r.'ou- 
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dition of excitability at the kathode, varying as it does with 
strengtli and duration of current, must be regarded solely as the 
consequence of localised persistent excitation, and the question is 
only how there comes to be sometimes an increase, and some- 
times a depression, of excitalnlity. 

It must be admitted that the electrical current traversing a 
muscle acts as an exciting agent, not merely at, but during the 
vvliole period of closure. Further, it lias been established ex- 
perimentally, that the alterations in the contractile substance 
which underlie the excitatory process are confined to those points 
of fibres by which the current leaves the muscle. Each experi- 
ment shows, moreover, tliat the appearance of a make twitcli, i.e. 
discharge of a wave of excitation, or contraction, at the point of 
stimulation, as a rule implies the condition that the oscillations 
of current from zero, or any finite value, should occur with a 
certain rapidity ; and it should be added that the absolute 
intensity of the excitation current also must surpass a given limit, 
if visible manifestations of excitation are to be elicited. Sup- 
posing that a muscle is persistently traversed by a battery 
curriMit of such low intensity that its presence is not betrayed 
by any trace of visible iLxcitation, we arc none the less justified 
in txssummg that a “latent condition of excitation” is, as it were, 
pri'-sent at all those points of fibres which collectively repre- 
sent the “ physiological kathode,” during the passage of current ; 
for that altered state of the contractile muscle-substance, which, 
hy its rapid appearance at the point where cuiTcnt escapes, sets 
up a wave of contraction as soon as the intensity of the current 
exceeds a given minimal limit, and the continuance of which 
during tlie closure of stronger currents is expressed in the con- 
tinuous closure contraction, must obviously exist on closure of 
tlie weakest currents also, albeit in a lessen’ degree. 

Only a small sudden inc reuse, greater or less according to 
circumstiinces, will then be required, in addition to the constant 
l>ut inadiMpiate stimulus, in order to produce a wave of 
excitation at the kathode. In other words, a rapid, positive 
vai’iation of a very weak current flowing through the muscle 
may ettect an excitation, even when the same variation, starting 
fiom zero at the abscissa, produces no eflect, or only minimal 
exeitotioii of the muscle. The increased excitation occasion- 
ally to be obsei’N-ed with an induction current, homodromous 
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witli the polarisiug batteiy einTent, may therefore be explained 
as the sinnmation of two intrinsically imuleqnate stimuli, ami 
the increased response at the kathode appears to be not so 
much a peculiar ehect of current introductory to the excitatory 
process as the actual result of that process. This theory is (juite. 
compatible with the contradictory behaviour of a muscle during, 
and immediately after, protracted weak polarisation, or with the 
application of stronger currents. 

The affrr-rffcds observable in the last case were referred 
above to local fatigue ’’ of the kathodic poiiiLs of libres, induced 
by current. The facts before us show that almost immediately 
after closure of a medium current there is, accoitling to the 
duration of closure, a iwogressive diminution, or evmi completi‘. in- 
hibition, of response to induetion currents at tlie kathode. The 
direct dependence of the depression of excitalality dining thi‘ 
passage of the current upon its duration, witli low pidarisation 
intensity, makes it higldy prol>able that in this case tiu* excitatory 
process itself, or, more correctly speaking, the fatigue indiu'cd by 
the same at the seat of direct excitation, must be legarded as the 
cause of the decreased response at the kathode*. 

The protracted (umdition of weak i*xcitation at thi^ kat hode* 
(jnuhfullj/ prodiK'es alttirations in the (.'onlivudihi su])sta.nce of tin* 
muscle, as expressed not merely tluring closure oi‘ tin* (!iirn*nt, 
lait also for some time after it has been broken, in a diminisli(‘<l 
excitability, which is usually explained as a fatigue etrcct. It 
must be asked, liowever, how the diminution of responsii at 
tlie kathode immediately after tlie (h^sure of strongiu' curnmts 
is to be understood and explained. Hove, there. e.aii ]»e, no tpUis- 
tion of ‘"fatigue” in the ordinary s(mse of thi*. woi-d, l)(!eau.s(* no 
conspicuous after-effect outlasting tlie stimulus can, as a I'ulc, he 
demonstrated, owing to the brief duration of closuie. 

That it is not wholly wanting is sliown by tlui fact that in a 
scries of twitches produced by closing the constant current at 
short intervals, its direction remaining unaltered, tlie height of 
each twitch is perceptibly lower than that which immetliately 
jjrecedes it ; this insignificant after-en’ect of a single short closure* 
would not, however, suffice to explain the continuously marked 
depression of excitability at and during closure of the saim* 
current. An induction current which juofluces maximal twitches 
in the muscle not traversed by the constant current is totally 
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ineffective during the passage of a Ijattery current of medium 
intensity in the same direction, wliile it recovers its former 
efficiency in full as soon as the constant current is broken. 

J^ut it must not be forgotten that even the excised muscle 
possesses a large capacity of recovery, by which it is enabled to 
equalise the changes in its substance caused by the excitatory 
Ijrocess the more cpiickly and completely in proportion as the 
stimulus acts for a shorter time, or the preparation is intrinsically 
more vigorous. Engelmann’s experiments on the ureter show 
that not only excitability, but conductivity also, appear to be 
affected after each contraction, i.e. after a relatively short ex- 
citation, and only recover themselves during tlie subsequent 
pause, and tliat the more quickly in proportion with the original 
excitability of the pi’eparation. Tlie “ refractory ” period of 
(iontracting cardiac muscle should also be takem into considera- 
tiou. It is, however, clear that if the capacity of recovery in 
striated muscle is greater, and exceeds that of smootli muscle, in 
tl)o same proportion as its excitability, diminution of response 
at the kathode, due to the excitatory process, may have 
reached considerable pro2>ortions after the closure of a strong 
current, without any necessarily marked after-effect on o^xjuing 
tlie current, provided that closure lasts for a few seconds 
only. But it is never possible to exclude a temporary effect upon 
absolute current-density, of such a kind that with an existing 
current of a certain magnitinle, a su|>erposed positive variation 
will excite in a lesser degree than before, independeiit of the 
fatigue induced by the former. We may therefore assume, that 
not only the depression of excitability durhig and after pemst- 
ent polarisation, but also the depression of response at the 
kathodic fibre-points of a muscle immediately after closure of a 
sti’ong cuiTent, depend essentially upon a local ‘‘condition of 
fatigue,'' meaning by “fiitigue” the total changes in the con- 
tractile substance of the muscle, produced at the seat of stimula- 
tion by the excitatory process, which, while they last, prevent, or 
at least hinder, the rise of a second excitation. We may there- 
fore conclude as the result of all the preceding data, that ^/le 
afteratwR, ^msitive or nqjativc, of excitahility at the kathode of a 
muscle tnivcrscd hy cun'eut, depends essentially upon the state of 
latent continuous c.veitatwUy and its eonsequenecs, ivkieh vary with 
the strength of the polarising current. 
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It is less easy to formulate conclusions as to the manifesLi- 
tions of excitability at the “ physiological anode ” of a muscle, 
during the passage of current. Tlie attempts at solving this 
j)robleni by the application of induction curi’ents, opposed in 
dn ration to the polarising current, and traversing the vvliole intra- 
polar tract, liave been too ambiguous to give any decisive results. 
Yon Bezold, who made the same experiments, though from anotlier 
standpoint, asserts (10) that “both ascending and descending 
galvanic currents ilowiiig through the muscle, increase its 
excitability at tirst to ascending make induction currents, so long 
as these do not exceed a certain density, at and after which 
point the eifect is diminutional.” ]\Ioreovei*, “ the turning-point t)J‘ 
the curve of increase of excitability, in ratio with tlie density of 
the polarisation current as abscissa, appears earlier wlien the 
polarisation current- is opposed to tlie exciting current, than when 
it is homodromous with it.” When the induced current is in 



the same direction as the ]»olarising currcnl, the excitation oi‘ 
the muscle apparently ensues only because the constant cuii-ent 
suffers a sudden, evanescent, positive variation at the nionient 
of closure of the primary circuit^ (Fig. 00, n). 

The converse naturally occurs when tlie directi»in of the 
exciting current is opposed to that of tJie jiolarisiijg gal van ie. 
current (Fig. 96, h). 

It depends essentially upon the magnitinh; (»f variation in 
intensity of the former, whether a twitch is yieldo.rl by tlie 
muscle, or not. If the line of intensity of t he rj>r(.‘suniably) veiy 
weak, polarising current is represented by a straight, limj al.iove 
the abscissa, and running parallel witli it, it is evident that wliilr;, 
with uniform direction of excitation current and polaiising 

^ Sij)C6 the disappearance of induced currents does not usually, on aceoiinl of tlu'ir 
cxtrenicdy brief duration, give rise to a break exeiUiti^'U, w*- must not lie.sitalo j'jj i.lie 
cases eite/I to regard the action of a boinodroiiious induction curn ur ns .‘^imitn- to 
that of a single, rapidly disa})pearing po.sitive v.(jiati<«n ol’ the galvanic ciii ient. 

U 
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galvanic current, the ascending portion only of the superposed 
curve of variation is concerned in the excitation of the muscle, 
this is by no means the case when the two interfering currents 
are opposite in direction. Here, under some conditions, the de- 
scending as well as the ascending portion of the curve may have 
an excitatory effect (Griitzner, cf. PJlugers Arch, xxviii. p. 146); 
in the first case excitation would occur on opening, in the second 
on closing the circuit. With lower intensity of the polarising 
galvanic current, tlie first effect would not, however, come into 
consideration. But the other would also remain ineffective if the 
battery current is so weak that its closure per se produces no 
visible twitch. So long as the deepest point of the curve of 
variation has not reached, or only just reaches, the abscissa, the 
sudden renewal of the momentarily weakened, or interrupted 
l>attery current will not induce excitation. It is only when the 
deepest point of the curve of variation extends below the line of 
the abscissa, ie. when the intensity of the exciting current is so 
great that it not merely interrupts the polarising constant cur- 
rent, but a certain fraction of it also tmverses the muscle in a 
diret5tion opposed to the constant current, that a twitch may 
[)Ossibly follow, and to this it must be added that the excitatory 
process will in this case be discharged at spots that were formerly 
anodic. Excitation tlierefore occurs at the points where the 
constant current entei's, not duri'iig its passage, but at a minimal 
interval after it 1ms been broken. The return of the polarising 
current to its original height, Avhich follows immediately after, 
will not accordingly produce excitation, being too low in intensity. 
It is easy to see that with greater strength of the battery current, 
tlie relations will become yet more complicated, since both its 
negative variation of intensity, and also its I'ecovery after previous 
diminution or interruption, may cause excitation. 

It follows from the above that the possibility of producing 
any changes of excitability in anodic points of the fibres by 
means of an induction current opposed in direction to the 
polarising current, is connected mtli very peculiar conditions. 

In the first place, it appears to be essential that the intensity 
of the exciting current should considerably exceed that of the 
polarising current, for it is only under these conditions that it is 
possible to conclude with any probability that, during the closure 
of the latter, thj»t fraction of the induced current remaining for 
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excitation of the muscle is sufficiently lai'ge to provoke a twitch, 
where the excitability at the anode has remained normal II', 
however, excitation was wanting in such a case, we should be fully 
justified in concluding that there was decreased excitability at the 
anodic fibre points. Whether in any given case tliis theoretical 
assumption is sufficiently justified is the harder to determine, 
inasmuch as the exciting current differs essentially from the 
polarising battery current in potential, as well as in variation of 
intensity — a circumsUince which is of great significance to tlic 
results of excitation. Briicke's investigations have made it cer- 
tain that the excessively short dui^ation of induced currents im- 
plies a relatively greater intensity in order to excite a cuiarised 
muscle to the same degree as the galvanic current under similar 
conditions. Since it appears consistently that even a very weak 
battery current (2- Dan. rheocliord res. = 1^-3 cm.) suffices to 
inhibit the excitatory action of a heterodromous induction 
current discharging a maximal twitch, so that no effect can 
be observed during closure of the battery current even when the* 
exciting current is greatly strengthened, it is surely legitimate to 
conclude that response from the anodic points is lowcre<l dul’ing 
polarisation. 

Summing up what lias been said, it follows that if a musch* is 
continuously traversed by a galvanic current, the excitahilily 
the kathodic points during the passage is fomid to be cithm* 
raised or lowered. The former occurs with low intensity of the 
polarising current, the latter with greatiu* strength, or witli longer 
closure of weak currents. So far as it is jEfJSsihle to c(mclu(le 
from electrical experiments, the excibilnlity E)f anodic points is 
always lessened, or completely inhibited, during the passage; of the 
polarising current. 

In the next place, what occurs with regard to (.•rUfthUi.bj of 
the iwles on opening a polorinn/j eurrcfU ? These “ after-effects ” 
may be described shortly. AVc have already said that aftcu’ a 
moderate closure of a very weak electrical current, no after-effect 
can be determined at the kathode, because tin* excil-iitoiy action 
of single, homodromous induction shocks, whicli is considerabl}^ 
heightened during the polarisation, resumes its original ]uoj)ortions 
so soon as the battery current is opened, Tt, on the other hand, a 
battery cuiTent of medium intensity is closed for a long enough 
period (1-2 minutes usually suffices), there is invarialdy, as in 
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Series I. and II., a diminution of excitability at the kathode, 
not merely while the current is passing but also after the polaris- 
ing current has been opened. This lasts longer in proportion with 
the intensity and duration of the current. Such a muscle, after 
prolonged rest, possibly not for several minutes, will recover 
itself so far that an induction cuixent homodromous with that 
which exhibited twitches previous to polarisation wiU again 
produce oxcihition. Normal kathodic excitability is, however, 
much more quickly restored, even when spontaneous recovery is 
abolished on account of widespread local fatigue, if the polarising 
current is reversed for a short time. Closely allied with this, 
also, is the fact ' that anodic excitability is usually considerably 
augmented after a not too brief polarisation of a curarised muscle, 
provided the battery current is of adequate intensity. 

Although these manifestations of the so-caUed “ voltaic 
alternative ” have long been known, it has not been sufficiently 
taken into consideration that this is just as much a polar, i,e, 
purely local, effect of current as in the excitatory process at the 
katliode. Heidenhain (43) discovered that muscles, the excita- 
bility of which Inul been depressed by any injurious influences 
(tetanisiiig, protracted passage of current, heat, etc.) to such a 
degree that they did not react perceptibly even to the closure of 
very powerful currents, recovered their excitability partially, at 
least, after they had been exposed for some time to the action of a 
strong ascending or descending current, excitation occurring again 
on opening the pedarising, or closing a heterodromous current, to 
a greater or less degree : llosenthal (44) pointed out the connection 
between these facts and the phenomena of the voltaic alternative 
in freshy iiou-fatigued muscle, which he was the first to investigate. 

According to these observations, which are easy to confinn, 
the response of every muscle sinks, with prolonged passage of 
current in one direction, towards the closure of such a current, 
being, on the contrary, considerably augmented for the opening as 
well as closure of a cuiTcnt in the opposite direction. The first 
eliect, as was shown above, is dependent upon a state of fatigue 
confined exclusively to the kathodic pomts. 

The experiments which led to this conclusion show, moreover, 
that the increase in response to closure of a homodromous current, 
demonstrable after break of an adequate polarising current, is 
characteristic of ihe anodic points of fibres. 
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Since it is a well-esLalJished fact that on closure ol‘ current 
excitation occurs only at the point where it leaves the muscle, 
the proof that excitability increases at the anode after polarisa- 
tion, lies essentially in the fact that the elfects of excitation are 
augmented with closure of a polarising current in the op]>osite 
direction. It is conceivable that such changes in excitability 
might extend over a larger or smaller part of the tract of muscle 
traversed, although the complete failure of electrotonic alterations 
of excitability in the intrapolar tract during the passage of the 
current renders it a 'priori very improbable. Direct electrical exci- 
tation of difiPerent points in the continuity of a previously polarised 
muscle, moreover, affords direct proof that just as little as th(» 
negative after-effect of polarisation extends beyond the ])hysio- 
logical kathode, does the positive after-effect pass liiwond the 
limits of the physiological anode, provided only that the i)olarising 
current is not too powerful, othei'wise a complex of disturbances 
might arise through the formation of secondary td(?ctrod(*s. 

Undoubtedly the alterations of excital)ility in question during, 
and after, the passage of current through a muscle, stand in very 
close relation with the effects of excitation and inhibition alivady 
described, being indeed only anotlier as])ect of tlie same facts. 
We have seen that when the electrical cui*rcnt acts as a 
continuous excihition at the kathode, tlie alterations of excita- 
bility, or capacity of response observed are its ntf('cssary conse- 
quences, and equally under all conditions must we jiredicate 
depression of excitability at the anode whenever an existing 
excitfition is inhibited during closiu'e. Tlie complete reveisal 
at break of the iiolarising current follows as cogently from the 
reversal of polar manifestations of excitation and inhibition. 
Since neither excitatory nor inhibitory phenomena are ])rodaced 
by the direct action of current within the intrapolar aoia, but oiily^ 
appear as changes induced at the yioles, or by the elfectUjiXw^fT of 
secondary electrodes, it is a pi%ori certain that tlauTyani b(‘ no 
question of alteration of excitability within the intraiiolar tract ])y 
direct action of current in v. BezokVs sense — nor, as we shall see, 
does any such alteration exist. 

Xor is there legitimate ground for assuming changes ol 
(‘oiiductivity within the intrapolar tract, and the exqieiiiiamts of 
V. Bezold in this direction can hardly l»e regarded as convinc- 
ing. He investigated the effect of polarising a tract of Jiiiiscle 
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3 mm. long, upon the conduction of a wave of excitation set up 
beyond its limits. He found that the conductivity of the 
polarised section of the muscle diminished in proportion with 
the strength of current and length of its passage. At a given 
degi’ee of polarisation, the power of conducting seemed to be 
completely abolished. (This, e/j., was the case after the current 
from 4 Dan., with a rheochord resistance of 100, had been sent 
through a tract of muscle 3 mm. long, lor 40 secs.) Von Bezold 
affirms that the substance of muscle, like that of nerve, is 
“paralysed” by the current. This paralysis he describes as a 
defect, or inhibition, of conductivity, although the apparent injury 
to tlie muscular tract does not prevent it from being thrown into a 
state of local excitability by external stimuli as rapidly as before. 
Von Bezold did not inquire into the reaction of different sections 
of the intrapolar tnict with reference to changes in conductivity, 
but ho inclines to the view “ that the curve of defect in the intra- 
polar tract, as in the parallel case of nerve, sinks from eitlier pole 
towards the middle.” 

It is the more advisable in this connection to investigate 
Engelmann’s experiments on the effect of polarisation upon the 
conductivity of smooth muscle, because while there are manifold 
analogies between the smooth muscle of the ureter and striated 
muscle, as regards response to the electrical current, there 
appear in this instance to be essential diffenjnees between the 
data obtaiiied by the author from striated muscle, and Engel- 
mann’s observations on the ureter. 

He finds that conductivity in a polarised tract of ureter 
diminishes in the side towards the anode, and increases in that 
towards the kathode. The magnitude of the changes is maximal 
at the poles. The length of the area of depression increases 
with strength and intensity of current, conduction being finally 
abolished in the whole intrapolar tract. When the wave of 
contraction starteil from a poijit above an ascending polarised 
section of the ureter, Engelmann observed tliat it traversed tlie 
entii'e intrapolar tract — if the polarising cuirent was very weak — 
though with a marked diminution at the anode. With strong 
ouiTcnts the w’ave disappeared altogether at this point, and with 
still stronger (persistent contraction at the kathode), it died out 
even at the kathode. 

With regard, firstly, to v. Bezold’s experiments, they by no 
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means prove that the conductivity of the whole intrnpolar traet 
is diminished or abolished, it being indeed much too short. The 
inhibition of the wave of contraction might eipially have its 
seat at the anode, if, as certainly appears from Engelinann’s 
experiments on the ureter, it is true that the conductivity of the 
muscular substance is considerably depressed tlicre as well as at 
the kathode, since at the strength of tlie polarising eurrent 
employed a persistent contraction must in any case be presen I-, 
and since, as we may legitimately conclude from Engelmanns 
observations, a contnicted point may, under certain conditions, 
interrupt the conductivity of excitation. 

The next point, therefore, was to test the conductivity of the 
muscle-substance at the anode as well as at the kathode, and to 
ascertain its dependence on tlie strength and duration of tbe 
current. For this purpose a strongly curarised sartorius muscle was 
connected in the usual manner with tlic unpolarisal>lc (dectrodes 
of Hering s double myograph, the centre of the muscle Ijcii.g iixed 
with oil-clay, and the clianges of form of lM>tIi halves recording 
themselves on a smoked surface. As a rule, the lower mid ol’ 
the sartorius was excited with single descending make induction 
shocks. The exciting current esciipeil by one electrode*, of the 
double myograph ; its entiy was arrangiMl by a Icjop of thread, 
moistened with 0*5 ^ salt solution, and inserted into tlui 
clay tip of an ordin ary unptj ljirisa 1 >1(3 el(‘Cti*odo, in oi’dei' to 
obstruct the changes of form in either lialf of the muscle as little 
as possible during excitation. In the immediate vieinity of the 
fixed part, corresponding roughly with the centre of tlie muscle, au 
electrode of the same kind enabled the polarising hattmy (uiiTent 
to leave or enter the muscle, the whole ujjper ])art of which was 
traversed. A wave of contraction dischargiid at tlie lower f*nd 
of the sartorius traverses the fixed part without interrn])tion, 
and both halves of the muscle shorten, as a rule, a])])roximately 
so long as the polarising circuit remains open. Evtui a weak 
galvanic current (ascending or descending) passing llirough tlie, 
upper half of the muscle continuously, exerts no ])erceptil)lc 
influence on the size of twitch in citlier half. When, howevf;r, 
the intensity of the polarising current is raised (to about 2 J)an. 
= 100 E.), the kathode being in the centre of the muscle, a pro- 
nounced inhibition, in proportion with tlie strength and direction 
of the current, in every case interferes with tlie propagation of tlie 
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wave of contraction initiated in the non-polarised section of the 
muscle. In the first place, it is seen that the two halves of 
the muscle do not, as l^efore, contract equally, inasmucli as the 
curves of twitch in the polarised half become smaller and smaller 
during tlie passage of current, wliile on the directly-excited half 
they remain unaltered. Finally, with renewed excitation of the 
non-polarised half of the muscle, changes of form on the farther 
side of the fixed spot fail altogether ; tlie wa\'^e of contraction is 
unable to get i)ast the kathode. 

According to v. Bezold we should expect that the whole 
intrapolar tract would by this time have become incapable of 
conduction. This, however, is emphatically contradicted by the 
circumstance tliat when the polarising current enters at the middle 
of the muscle, ix\ when the anode is at that part, there is never, 
even on applying very strong galvanic currents, and prolonging the 
passage of current indefinitely, any perceptible impediment to 
the propagation of a wave of contraction ; sometimes, as we shall 
see, the direct contrary. There can therefore be no doubt that 
fibre-points which have served for some time as the exit of a 
sufficiently strong electrical current, fall into a condition in 
which they become incapable of proj)agating a wave of excitation 
from one side to the other of the section. This impenetrability 
of tlie kathode has also been established for nerve by Hermann 
and Werigo {infra). The conditions of its development are pre- 
cisely similar to those of muscle. 

That it is not the persistent closure contraction, localised at 
the kathode an sack, which interferes witli propagation, is seen 
(apart from the fact that both halves of the muscle frequently 
contract equally, although at the kathode, in the centre of the 
muscle, there is also a marked continuous contraction), in that 
the inhibition is most pronounced wdien a persistent descending 
current in the upper half of the muscle has reduced the original 
persistent closure contraction to a miiiinium. It is therefore 
legitimate to assume that the local fatigue of muscle-substance 
produced by cuiTeiit at the kathode is the fundamental cause of 
the inhibition of conductivity in that regimi. With regard to 
the above observations on the rapid decrease of response at 
kathodic points during polarisation, it might appear strange that 
with the given experimentiil conditions the inhibition of con- 
ductivity at the kathode is first exhibited at a comparatively 
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late period after the closure of fairly strong currents. The cause 
of this deviation is presumably to be sought in the ditVerent 
mode of exit of the current in either case. For while in 
the first case this occurs at the ends of the fibres, in tlie 
other the “physiological kathode*’ lies at the centre of llu^ 
muscle, where current density must be less on account of tin* 
larger section ; while, on the other hand, the oblique course of tlu* 
isolated lines of current directed towards a small zone of the 
muscle surface causes the innermost iibres to lie less strongly 
excited than those at the periphery, since the current leaves the 
former with a less density than the latk'r. Accordingly we 
always find that when the exit of the current occurs, as desc'ribeil 
above, at the centre of the muscle, inucli stronger curri'uts 
Avill, as a rule, be required to produce a make twitch than 
under the opposite ■ conditions. 8o long as the total section of 
the muscle at the exit of the current is not latigucd hy pro- 
longed passage of current, each wave of excitation arriving at tin* 
kathodic section will endeavour to pass beyond it, since^ it (*an — 
so to speak — glide under the most strongly (fxciled ]H*rip]ieral 
zone, and is first completely inhibited when the, ninscle is, il' wc* 
may so express it, functionally separated, i.e. dividend l)y a small 
unexcitable zone into two excitable sections, from the continnaiHM* 
of the state of local excitation. This separation makes it coii- 
ceivable that, as a rule, tolerably protracted jiolarisation by 
fairly strong currents is required in order to depress conduolivify 
at any point in the continuity of the muscle to such a degree 
that an approaching wave of excitation will be hindered in its 
progress. If the upper half of tin* muscle, as wtt have been 
assuming, is polarised in a descending direction, and the, cnritmt 
then suddenly reversed, the vigorous niak(* e.xcit!iti<in disr harged 
at the previously anodic end of the muscle, fails to j>ass bey(md 
the section which has l)een rendered incapjible of conducting l)y 
the sustained excitation at tlic kathode, and at closure only tin*, 
directly excited and formerly polarised half of the musch* will 
twitch, while the other half beyond the fixed part remains 
passive. 

Conductivity is recovered, under certain conditions, whmi tia^ 
current is broken ; but if it lias been too strong, or if polai'isation 
is prolonged unduly, the kathodic section may remain j>c‘r- 
manently incapable of conducting. 
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We have seen that, contrary to the behaviour of the ureter 
as observed by Engelmann, the conductivity of striated muscle 
(sartorius) exliibits no perceptible diminution under the influence 
of the anode. This is the more striking since there is complete 
agreement in both cases as regards direct excitability. And it is 
further less likely that there should be any fimdamental diverg- 
ence between the two cases, since anodic inhibition of conduct- 
ivity is very pronounced in nerve also. The diflerence must be 
due simply to external factors, among which may be instanced the 
thickness of muscle and transverse course of the lines of current. 
The fact above alluded to, that kathodic inexci table points may 
be so modified by the influence of the anode as to become capable 
of excitation once more as soon as the electrical current leaves 
the muscle at the points in question, only show that they have 
again become sensitive to direct electrical excitation. But since 
we may conclude from this that alterations of muscular excit- 
ability by no means invariably entail corresponding alterations of 
conductivity, it is conceivable that, notwithstanding the restora- 
tion of direct excitability, the power of conduction, i.r. of being 
thrown into excitation indirectly l.)y a wave of contraction from 
some other point, may sometimes be permanently abolished at the 
kathode. Experiments with passage of current through one half 
of a curarised sartorius indicate, how'ever, an opposite result, i.c, 
even in cases where polarisation has been so long continued that 
tliere can be no question of spontaneous restoration of the now 
incapable muscle section, the power of propagating the excitatory 
process has been invariably and even permanently restored under ' 
the influence of the anode, provided the ciiiTont used be suffi- 
ciently powerful. 

In this way it lies in our power to render any given section 
of a muscle with parallel fibres permeable or impermeable to a 
wave of contraction from without, according its we make the 
current traversing one half of the muscle enter, or pass out, at the 
centre of the muscle. 

As regards alterations of excitability in a polarised muscle, 
we have direct proof that whether extm- or intrapolar they do 
not extend beyond the physiological kathode or anode, and there 
is no reason to infer the opposite for alterations of conductivity. 
All the evidence, on the contnuy, goes to show that the one as well 
as the other must be regarded strictly as a j^olar effect of current. 
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T{ie Electrical Excitation of Unfibrillated Pi^otoplasm 

The action of the electrical current upon luuscle has long 
since attracted the attention of pliysiologists ; the C(^nsequenees 
of the passage of current through unfibrillated protoplasm (wliicli 
are of the greatest interest in a theoretical eoiinection) have until 
lately been almost entirely disregarde<h and only a few isolated 
observations indicate that we are here concerned with facts oi‘ 
wide-reaching significance. 

In connection with certtiin theoretical views as to tlie causa- 
tion of plasmatic movements — of the streaming movements in 
vegetable cells in particular — Bequerel examined tlui efleid, of a. 
strong current flowing through a spiral wire I'onnd a decorticated 
cell of Chara. No effect waa jiroduced, wlietlier the axis t)f tlu* 
wire-coil was parallel, or at right angles, to tlie axis oi‘ the cell. 
Later experiments were equally negative ; no <(dioii ut a distfmir 
of the current upon any sort of excitabh' proto])lasni could lx* 
detected, so that it may be taken as certain that such an action, 
generally speaking, does not exist. 

In consequence of the direct action of weak induction 
currents, Klihne and Engelmann observed the movement ol‘ 
Ammbie to be at first arrested and then resumed after a short 
time. With stronger induction slioeks the Amodia^ assumed a. 
globular shape by the withdrawal of all their ])seiulopodia, which 
at once arrested all molecular movement. Finally, with very 
strong excitation the sphere of proto[)lasm may collapse and 
extrude its endoplasm, which is equivalent to the total destruction 
of the animal (45). 

Ehizopods with numerous long and slender pseudopodia with- 
draw these when electrically excited, and in this case it is esp(*.c,i- 
ally remarkable that those, 'piicv.doimdta v)htch lU at rifjkt to iJw 

lines of curve id show no chanyCy or at amj rate elmiajc onhf wdib far 
strowjer currents than those lohich lie pa.ralld to dy a lact which 
calls to mind the similar behaviour of muscle under similar con- 
ditions. Klihne (46), when tetanisiiig Actinosplucrium with the 
alternating currents of an induction coil, observed that the 
pseudopodia lyinfj adong the Ivne hetvjccn the tv:o electrodeJi soon bcciame 
varicose ; the granular protoplasm along the axial ray gatliered 
itself into little spheres and s])indles, which flowed towards the 
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body, while the entire pseudopod was gradually withdra\vn. 
Since we shall frequently have occasion to refer to these rhizo- 
pods (which are exceptionally well adapted to electrical excita- 
tion experiments) it is advisable here to introduce some further 
remarks as to their structure. The fairly large globular body of 
Actinosphajrium exhibits two distinct layere — a darker, central, 
richly nucleated mass (endoplasm), and a ligliter, vacuolated, 
cortical layer (Fig. 97). Each vacuole is filled with fluid, 
bounded by a wall of liomogcneous, finely granular protoplasm ; 



Fio. 97. —Adinmplurrinvi cichornr. Polar otlects of excitation with passage of a constant 
electrical current. (Verworn.) 


this same protoplasm forms part of the bristle-shaped pseudopodia 
which stand out from the body in all directions, and exhibit a 
characteristic diflerentiation of structure — an “axial ray’' of finner 
consistence covered by tlie somewhat fluid protoplasm like a rind. 

The contraction phenomena descrilied by Iviihne manifest them- 
selves in a constant manner to a given mode of excitation. “ In 
consequence of stimulation the axial ray of a pseudopod in the un- 
excited state of almost homogeneous enveloping protoplasm, gathers 
itself together, while streaming towards the body upon the axial ray, 
in small, solitary, fusiform or globular varicosities, between which 
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the axial ray lies completely bared at mauy points. The spindles 
and spheres glide slowly upon the axial ray (wliich at the same 
time is being withdrawn into the body), in a centripetal direction, 
sometimes coalescing, and finally fiowiiig entirely into the proto- 
plasm of the cortical layer.” If the excitation is sti’cngthened, 
or prolonged continuously, the fluid vacuoles of the cortical layer 
begin to collapse, after the pseudopodia have been withdrawn 
from the excited spot (or may be from the entire body), because the 
protoplasm which forms their walls shrinks more and more inwards. 
This gives to the body an irregularly-bounded, lumpy suriaci*. 
Finally, with still stronger excitation, tlie protoplasm begins to 
disintegrate into granules, by a gradual process lK.*ginning at. tlu^ 
surface, and progressing slowly inwards until the central mass is 
involved, when — unless the excitation is stopped — the entire body 
is destroyed. Short of such total diRiiitegration it is jiossilfie foi* 
the undestroyed remainder to reconstitute itself into a iierfecl, 
though correspondingly diminished Actinospjucrium (Wrworn, 
47). With sufficiently strong excitation the plasmatic bands 
and threads of certain vegetable cells {TnHlrscantia) will com])oi‘l, 
themselves like the pseudopodia of rhizopods. With wcakci’ itx- 
citation there may frequently be observed, as in the case of 
independent amoeboid protoplasm, a slowing and arrest of the 
spontaneous streaming movements, followed hy the iVirmation ol‘ 
varicosities, lumps, and so forth, upon strengtliening the cxeitatimi. 
Kulme observed that these eflects were localised to a n‘stricted 
portion in correspondence with localistnl excitation. 11 a largi* 
cell of Tradescantia is arranged transversely to a ])air of line- 
pointed electrodes lying close together, it is jiossilde to send 
currents of great density througli a. limited i/art ol' tla*. cidL 
With gradual approximation of the secondary to the i»rimaiy 
coil the movements of only a portion of the cell ai-e. lurested, and 
a formation of swellings, lumps, and knots ensues, which may be 
subsequently reinvolved in the stream ot tint intact ])roto]jlasm. 
The circulating plasma of Vallisncria, Cliara, Nitella, etc., whem 
submitted to electrical excitation, always (exhibits a retanlalion 
and subsequent arrest of the streaming movements. 

The phenomena exhibited by certain l:inds of protopla.sm, 
when submitted to the adwn of the eondant of far 

erreater interest. The first observatimis in this direction aie dm* 
to Kulme, who, as long ago as 1804, drew attention to tlic )<.- 
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markable and in many respects important reactions of Actino- 
sphaerium to the galvanic current. We shall in the main follow 
the account given by Verworn (lx.) who has recently repeated 
these observations, completing and extending them in various 
directions. In regard to method it should be observed that un- 
polarisable electrodes were exclusively employed in these experi- 
ments. The Actinosphaerium is placed in a few drops of water 
in a little excitation chamber, made by cementing two slabs of 
porous clay, joined by two transverse partitions of cement, on to 
a large object glass, so as to form a (closed) rectangular space, to 
the clay sides of which brush electrodes were applied, so that 
current could traverse the chamber in approximately parallel 
lines. In consequence of the high resistance in the circuit, com- 
jmratively high electromotive force must be used in order to 
obtain distinct effects, which, however, in sucli cases are perfectly 
characteristic. At closure of the current, in the first place, the 
pseudopodia, both on the anodic and kathodic side of the globular 
body, become varicose, and begin to contract as described above ; 
w/wreas the 2>sendo2)0(ls that are situated at right angles to the line 
of eimxnt exhibit iw changes. On the kathodic side the effects of 
excitation are comparatively inconsiderable and very evanescent ; 
the pseudopodia soon resume their normal aspect. The coirc- 
S2)(ynding effects on the anodic side, on the contrary, i^ocexd nnin- 
tci'rii^tcdly as long as the vAirrent is passing. Little by little the 
pseudopodia are completely withdrawn ; the vacuoles in the 
cortical layer begin to collapse and enijjty themselves of fluid ; 
a gradual dissolution of the body -mass takes place on tlie 
anodic side, while the protoplasm disintegrates into granules. In 
this manner a concave gap is gradually formed on the anodic side, 
while a very slow retractation of pseudopods is taking place over 
all the rest of the body. Finally, the Actiiiospha3rium becomes 
sickle-shaped like a new moon, the greater part of the body-mass 
having undergone disintegration into giunules (Fig. 97). 

If the circuit is opened at a moment when the pseudopodia are 
still in a normal state, except on the anodic side, the corrosion at 
the anode ceases directly, and the pseudopods on the kathodic 
side become vari(*ose in about the same degree as had taken place 
immediately after the closure of the circuit. This effect is, how- 
ever, very evanescent ; the pseudopods soon recover their normal 
aspect, while the anodic gap gradually fills up at the same time, 
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and a complete individual is formed again, although on a smallev 
scale. With weaker currents the process generally stops short ot 
the collapse of vacuoles, only the gradual retraction of pseudopodia 
on the anodic side is produced ; and there is no sign of any 
kathodic break effect. The rapidity with which all the above- 
described phenomena develop is greater with increased strength 
of current. At closure of very strong currents the granular dis- 
integration on the anodic side begins almost instiintly, and then 
progresses more and more gradually towards the centre as long as 
the cuiTent is passing. 

According to Verworii the slow retraction of jjseudopods on t he 
general body-surface that takes place during a prolonged passage 
of current is to be regarded as a secondary process, arising from 
the disintegration that has just taken place at the anode, and 
stimulates the protoplasm, inasmuch as it always ('ommenees aft(‘r 
a considerable loss of substance has become ap])arent. 

From the above-described changes we may easily pi*edict thi‘ 
consequences of currents. With Jiiodcnately ire((iuajt 

stimuli the pseudopodia at both poles begin to t‘xlubit varicositi(‘s, 
and also with stronger currents the granular brenk-d(.)wn i)roceeds 
imri ]}(mu from both sides. It is worthy of note tliat %ollk vert/ 
rapid reversed of current, effects that arc in prufjress hcrome arrcMal, 
to rcconiinence with the adoption of a sloicer rhi/that. 

Verworn pointed out that rolystoTuella cris])a — a marine 
Foraminifer with numerous very fine p.seudop»Mlia, forming a. com- 
plex and retiform anastomosis, upon vvliich lljt* pheno)ij<*na oj‘ 
“ granular currents” described by Jlax Scliull/ii are well uxliihited 
— reacts in precisely the same way to th(.‘. constant current. “ At 
make of a current all the granules in tlie pseudopodia of tlic, anodic, 
side begin to flow in a centripetal direction, and at the sauje. tiim^ 
are slowly retracted, and the longer tlie excitation «'ontinn(;H so 
much the fewer and shorter are the pseudopodi;i wlii(;li j)i’otrndc 
from the cortex, until before long tliere is a total dis;i]>pr*arjince 
of pseudopods on the anodic side.” On the kathodic side no such 
change is visible, the streaming of granules goes on as usual, ami 
the pseudopodia remain extended ; — “ tluiy may even lengthen con- 
siderably, or make their appearance at olosuro of the (furrent at a 
kathodic area previously free of pseudopods, the How rd grain lies 
being now in a centrifugal direction.” In this casi^, as beloif-, 
no change could be observed at or after closure of the ciicuit in 
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such pseudopodui as lay across the lines of current. Verworn 
was unable to detect any definite kathodic break effect. 

The excitation changes tlmt are observable under similar 
conditions in Pelomyxa palustris are of no less interest. Pelomyxa 
is a solid mass of naked protoplasm, often as much as 2 mm. in 
size, which is rendered very opaque by the large quantity of sand 
and mud englobed by the animal. The movements are extremely 
sluggish, and, as in many Amoeba;, consist in a flow of the endo- 
plasm along the body-axis in a given direction, with a bending 
round and backward flow along both sides. In this way a blunt 
process in the direction of the axial current is formed, at tlie 
margin of which liy aline border is often distinguishable. Ex- 
citation produces a variety of effects according as it involves the 
entire surface, or is loctilised to one spot, and is strong or weak. 
“ Weak prolonged stimuli acting upon the whole body, e.(j. vibra- 
tions, produce a very gradual but complete balling of the body. 
Weak localised stimuli produce a gradual witlidrawal of tlic ex- 
cited jmrt. Strong stimuli by chemiail reagents) acting 
upon tlie body likewise produce a spherical rounding, wdiile at 
the same time there is an escape of the granular endoplasm, 
in consequence of the disintegration of the outer protoplasmic coat 
— tins escape is partial with localised excitation. The gi’anulatetl, 
disintegi’ating protoplasm bursts out, and the appearance is the 
same as when Actinospluerium is submitted to the action of strong 
currents.'* A sufficiently strong galvanic current acts upon Pelo- 
myxa with tlie same results (Fig. 98). 

At closure the contents of the body burst forth on the 
anodic side, and as in Actinosphierium, the disintegration spreads 
more and more in the direction of the kathode, until the last 
trace of protoplasm has disappeared. This process of disintegra- 
tion passes with diminishing rapidity from the anode to the 
kathode in about ^ to I* minute, with currents of equal efficacy, 
at the end of which period the individual is completely abolished. 
At first the process is extremely sudden, then slower, until it 
gradually becomes imperceptible. It passes over the whole body 
in the form of an annular constriction, starting from the anode 
and advancing towards the kathode ; that portion of the body- 
mass which is on the anodic side of the constriction, i,c, which 
has been travcrseil by it, is in a state of granular disintegration ; 
that portion which is on the kathodic side is still normal and 
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living. “ If the current is Irolcm when the process of destruction 
has involved only a small portion of the entire mass, the disinte- 
gration ceases to progress, whilst a swelling of granular disinte- 
grated protoplasm suddenly breaks out at the kathode, similar to 
that which appeared at the anode at the closure of the circuit. 
But this process at the kathode makes no further progress aft-er 
the opening of the circuit.” The smallest undestroyed portion of 
protoplasm is sufficient to fonil a new individual on a smaller 
scale. With weaker ciuTents the anodic eiiects may be ja-ecedtHl 
by a long, latent period (1 minute or more). On Pelomy.xa, 
according to A^erworn, the action of induced currents, and of con- 



Fi<}. 98 . — PclomyAfi ]uUuslrh. Pulur uxcltation elll'cts witli «jl u (tonslaut' niji'cnl 

(Vurworn.) 


stant currents of bi*ief duration, is jjaiticularly striking; at a. 
giv^en current strength onlv a Jcathodlc hrcn!,- rjxilaMnn is oblaiiic.d, 
whereas with currents of longer duration an (fiwilir. r.mld- 
lion makes its appeamnce. The (i/fects arc thus contra] y to 
those obtained on muscle, not only as regards the. law ol jxdai* 
excitation, but also as regards the manner in winch Jiifike and 
break excitation depend upon the duration of Ihc exciting current. 

Various forms of Aimoba, inve.stigatcd l»y Vcrwoi n (A. 
vcrrncomj and diff^ncm), exhibited some a])jKircntly considc,)al»l(i 
divergences from the phenomena observe<l on l^elomyxa: at an} 
rate with the strength of eurrejit made use of, instead ol tlui 
destruction of the anodic pole of the body, a ])rotrnsioji fjoiina- 
tion of pseudopodia) was produced at the katliodic pole. At liJtdvc 
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of the constant current the first effect is usually a momentary 
arrest of the flow of granules, followed by the sudden protrusion 
of a liyaline pseudopod from the anterior end of the body, 
directed in a straight line towards the kathode. In the case of 
Amoeba limax this powerful pseudopod extends to a considerable 
length, and draws the entire body-mass into itself, so that the 
amoeba following the direction of current creeps towards the 
kathode by degrees, in its normal form. If the cunont is 
suddenly reversed during this period, the flow of granules and the 
progi’ess of tlie amoeba are reversed in direction — with a strong 
current — and it is possible by frequent alternation to obtain con- 
tinuous movements of the amoeba in opijosite directions. It is 
easy to show that the action in this case is essentially similar to 
that witnessed in Actinosphairium, Polystomella, and Peloniyxa, 
although obvious signs of excitation cannot be detected. If, as can 
hardly be disputed, we may reckon as effects of excitation the forma- 
tion of varicosities in the pseudopods, along with their retraction, 
and the eventual paitial destruction of the body-substance, two im- 
portant conclusions may be deduced from the observations before us. 
In the first place, the proposition follows, that, Wee m/iiHclc, the mh- 
daiiec of protozoa obeys a law of polar cxeitation, in lohich, hoivevcr, the 
localisatwn {polar disirihution) of effects is reversed — excitation Icing 
at the, anode at makCy at the hedhode at Irreah, of current Secondly, 
the fact carries conviction, that the ijrocess of excitation is effected 
not merely at the moment of commencement and cessation of current ^ 
hut 'lo'oceeds throughout the whole period during which the cuirent 
is pas,dng, and for a short time after it has hecn hrohen. This 
excitation does not produce contraction as in muscle, but sets up 
a centripetal backward flow of the protoplasm, which under 
certain conditions may lead to local dc-struction of the outermost 
layers. Tlie various ])lienomena connected with the final disinte- 
gration hi various forms are sufficiently mtelligible from the 
different composition and consistence of protoplasm in eacli 
particular case. Under certain conditions — eg. in Amoeba — 
visible changes of form arc altogether absent ; the excitation remains 
''latent!' But even then the direction of movement of the 
entire body -mass gives cogent evidence of the existence of polar 
excitation, and it is quite intelligible that such excitation should, 
under certain conditions, give rise to an axial disposition of the 
body of the proteid. In the first place, we find that other 
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stimuli, c,rj, light, warmth, chemical reagents, are known to 
exercise a directive influence, if they act localU/, or witli diiVer- 
ent intensity at different parts of the excitable suhstanco. 
Certain light rays (those with short vibrations in particular) 
cause many of the Magellata, as well as the spores of many 
Algai, to move in the direction of the rays that strike them, either 
from or towards the light (positive and negative lieliotropisni). 
Pfelier has demonstrated an analogous elfect of chemical reagcmts 
in solution upon Bacteria and Plagellata, Lc. attraction or repul- 
sion of the organisms, a chemotropic action positive or ni‘gativi*. 
In all these cases, as Verworn correctly remarks, wo liave to do 
with some polar excitation of the protozoa, that gives rise to an 
axial orientation of tlie orgiinisni in accordance with the direction 
of excitation, or, more correctly speaking, of the diiTercnces in 
intensity of such excitation. On the assumption that when 
current passes through an amccha, the make excitation, as in 
other rhizopods, is primarily anodic, it is evident that a formatifni 
of pseudopodia due to a forward current of the protoplasm can 
take place only in the direction of the kathode; the forward 
movement in the direction of the current is thus accounted for. 

This directive action of the current (‘' Oalvanotropism ”) is 
still plainer in the case of many rapidly-moving ciliated Infusoria, 
cjj. Plagellata. If a few drops of hay infusion swarming wilh 
paraimccium are placed between c‘lay electrodes (as destuilKMl 
above) upon an object-glass, and traversed by a sulliciently strong 
current, the following eliects (as pointed out by VerAvcaii) are 
observed, either with the naked eye or with a magnifying hms. 
‘'At closure the Paraimecia turn altogether as il‘ at word of eom- 
mand, with the anterior of the body towards the negative 
electrode, and swim in this direction with uniform speed” 
(Fig. 99). 

In a short time the anodic side of th(‘ dnjp is com])leteIy 
cleared of Paraimecia, not one being left behind ; the whohi mass 
has crowded to the kathode. As long as the circuit is closed the 
protozoa remain thus ; if the current is broken the parama cia 
turn instantly with their anterior ends towards the anode*, and 
swim away in this direction. The kathod(i is quickly deserted, 
and the majority of the organisms are ih)VV collected roun<l th(i 
anode. The crowding is, however, by no means so comphitt*. as 
that produced at the kathode by inake of tlie current, .and the 
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paramajcia soon begin to swim about in all directions, and in a 
short time are once more uniformly distributed throughout the 
drop. This manoeuvre is repeated as often as the current is 
closed, with the same precision. 

It is easy to prove that the living state is an essential condi- 
tion of these phenomena by repeating the experiment after killing 
the animals with ether or chloroform. 

If unpolarisable electrodes are used with points of baked clay 
dipping into the infusion, instead of the excitation chamber 



Km. 09.— Oulvujiotroplsm of Famituccium aurdiit. (Verworn.) 

diiscribed above, the etfects are very curious. At closure of the 
current all the parannccia amxnge themselves longitudinally, in 
accordance with the current curves, and swim along these lines 
towards the kathode, so that those which happen to be at the 
outer part of the drop follow an almost semicircular course. 
If the current is frequently reversed, the paramtecia may be 
driven now in one direction, now in the other. As may readily 
be understood, very rapid alternations of current do not cause 
them to travel in a definite direction, nor give rise to any polar 
accumulation. A priori there can l»e no doubt that in this case, 
as in that of Amceba, we have to do with a “ galvanotropic 
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action ” due to latent make excitation at the anode : and the fact 
itself is directly demonstmble by corresponding experiments on 
other infusoria less resistant to the action of current tlian Tara- 
inaecium aurelia. On Parama?cium bursaria (tln^ galvanotropie 
reaction of which to weak currents is as well marked as is that 
of Paramtecium aurelia), Verworn, using strong currents, suc- 
ceeded, as in the case of the above-mentioned rliizopods, in 
producing a visible destruction of one pole of the body, i.c. of the 
anodic pole, that is posterior when swimming takes place. At 
closure of the current the first effect is as usual an axial orienta- 
tion, and subsequently as the proteid begins to swim over towards 
the kathode, a hyaline mass protrudes from the posterior end and 
gradually enlargea It can hardly be doubted that tliis is analo- 
gous to the anodic disintegration that occurs in Actinospluerium 
and Pelomyxa. If is still easier to bring about a similar reaction 
in the case of Bursaria trunculata; moderately strong currents 
are sufficient to effect a granular disintegration of the aiajilic end 
of the body, which increases as long as the circuit remains closed, 
until the whole animal is converted into a granular mass loostdy 
held together by glutinous material. Tlujse large and moiT^ 
resistant infusoria have no time to adjust their axis, esjjccially 
with strong currents, but the destruction begins at any aspect of 
the body which happens to be turned towards the .anode at the 
moment of closure (Verworn). 

A large number of other ciliated Infusoria, also some of the 
Flagellata {PcHdiniuin tdbidatum and Trarlidonioiuoi hisjndff), .as 
investigated by Verworn, behave in a simil.ar manner. (.)n the 
other hand, in some other protozoa, the current ju’oduces a 
precisely opposite directive effect. If the swimniing ciawling 
movements towards the kathode be designated as urf/nJirc (jal- 
voAiotropism, the reverse effect (.anterior end to iinodc, ami 
movement in that direction) may be called 'jmUicc fj(dv(molroj/i.sm^ 
Verworn found this last-named effect in Opalina ranarum, also in 
certain Flagellata, Polytoma uvella and Cryptomonas erosa in 
particular. The phenomenon described by Verworn as “ tramrmc 
rjedvanotropism'* is, moreover, remarkable; certain veiy elongated 
Infusoria (e.r/, Spirostoinum awhvjvMui, 2 mm. longj ]dace llKuri- 
selves with their long axis at right angles to the lines of current 
(perhaps in consequence of a failure of excitation bj' transserse 
currents). Apart from these isolated cases, which ]’ef[uire liirther 
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study, it is allowable to suppose that the proposition laid down 
above with reference to the electrical excitation of protozoans holds 
good for the great majority of the forms hitherto investigated, 
thus establishing in their case a peculiar and unquestionably very 
remarkable opposition to the phenomena of muscular elements in 
general, tis well as of nerve. Tlie allied assumption that the law 
of polar excitation, according to I'lluger, holds good without 
exception for all excitable jirotoplasm, thus appears to be finally 
disposed of. 

The interesting observations of Eoux (48) upon '' ono'iyho' 
Loyual polar mdion'' of ova are germane to the phenomena 
described in the foregoing pages. In order to determine whether 
the electrical current was capable of influencing the direction of 
the first cleavage of the ovum, Eoux submitted a strip of frog's 
spawn about 4 cm. hjiig, with fertilised ova, to the action of an 
alternating current of 100 volts potential, intended for lighting 
purposes. In about ten minutes a transvei'se furrow dividing 
the egg into two equal parts appeared in each egg, the furrow 
being everywhere at right angles to the direction of current. 
Even before this happens a distinct partition of the surface into 
tliree fields is noticeable, divided off by two parallel circular 
boundary lines, an ecpiatorial girdle without visilile alteration, 
and two polai* arete opposite the electrodes, with an altered and 
coloured surface. If instead of a single band of spawn a simple 
layer covering the bottom of a round vessel is submitted to the 
action of the current, the electrodes being placed at its two 
opposite margins, the equatorial girdle of the entire series of 
eggs, or, more precisely speaking, tlie boundary lines between 
it and the polar zones, form curves which all begin at right 
angles to a straight line between the electrodes (Fig. 100), and 
then sweep round the nearer electrode, gradually increasing theii* 
distance from it as they approach the wall of the vessel, to end 
at right angles to the same. 

The amount of curvature is at its maximum close to the 
electrodes, and gi'aduall)^ diminishes up to the middle line, at 
right angles to the current axis. The merest inspection show^s 
us that we are here dealing with lines of equal potential, or the 
equipotential surfaces of the whole electrical field marked out 
by these. In the ova corresponding with a single line of 
potential, the breadth of the equatorial surface increases with 
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its distance from the stmight line between tlie electrodes, so 
that the ova in immediate contact witli the margin present tlie 
least polar zones, and the largest equatorial surface. Hearing 
in mind the reaction of each single ovum to the altevnatiiig 
current, a certain analogy with the effects above described in 
Actinosphffirium cannot be disputed, Jind if two protozoa are 
conceived — of the size of frog’s ova, and submitted under similar 
conditions to the action of the alternating current — tlie middle 
disc remaining over, when the polar zones had disintegrated, 
would presumably exhibit an aiTangement of tlie lines of 
potential, corresponding with the equatoi*s of the <n'a in Ihnix s 
experiment. 

But tliis confonnity 
further extends to the dif- 
ference in mode of action 
at either pole, which of 
course appears only with 
uniform ciUTcnts. At uni- 
form conditions of experi- 
ment, there is developed — 
as Itoux pointed out — in 
ripe, unfertilised ova, “a 
large grayish polar zone, 
round the positive elec- 
trode, directed tuimmh the 
anode, extending far be- Pm. loo.— ovu of in vossri or wnu-r, tnivcisni i.y 

vnild fhp nnddlp lino of cm-nnit fn^n. ll.o two lines, niuilun;; tl.e 

yOlKl tne miaaie nnc or vertical elmarotles. rolar licl.Is dark. (Jloux.) 

the electrical field, while 

only the two rows of ova lying nearest the kathode had a 
coloured kathodic polar zone in default of an anodic zone.” I'his 
last always appears later, and the changes arci hiss than in the 
positive zones. With weaker currents, no polar zone a])]>ears on 
the negative side of the ovum. 

If these effects of current cannot h(^ termed direct eon- 



sequences of an electrical excitation of the ))lasma oi the ovnni, 
they do undoubtedly represent a specific reaction of tlie still 
livincf, or at least approximately normal, ovum, oven when the, 
capacity of development is not necessarily jireserved. Itoiix 
was enabled to demonstrate formation <jf‘ polar zones in masses of 
freshly extruded unsegmented ova. 
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The reaction of ova, wliicli are already at different stages of 
segmentation, is also interesting. Both in the ovum divided into 
two or more cells (Fig. 1.01), as in the morula stage, and again 
in the blastula, consisting of many little cells, each single cell 
of the surface shows special polarisation ” when the whole 
organism is submitted to current, inasmuch as “ the cells lying 
only on the polar side of the ovum exhibit oiu polar zone, which 
is visible externally, while the equator takes up the free surface 
of the cell lying distal to the pole.'’ Further differentiation into 
smaller and fewer cells, in older blastuhe and the gastmla, will, 
however, under the same conditions, once more bring about a 
collective equator - between two collective polar zones, since a 
girdle from the poles to the farthest cells remains unaltered. 
The special polarisation of single cells in the early stages of 
segmentation would appear to be “bound up with a property 
which diminishes with their vitality,” inasmuch 
as each attack which weakens the vital energy 
of the ovum also prevents the formation of 
special polar zones, wholly or partially, without, 
liowcver, effecting tlie characteristic “ total polar- 
ovum in four isatiou ” of the entire cell aggregate. Thus lloux 

inontH, j i j . i i -i 

to mjtioii of Htiong remarked in segmented ova treated with weak 
uUtiruatiiig cur- carbolic acid, which produced no change of form 
externally, that while special polar zones appeared 
at the first moment of action of the current, they spread rapidly 
over the whole surface of the cell directly exposed to the cur- 
rent, so that on each side “ a mujle polar zone, springing, how- 
ever, in the upper hemisphere from rounded cells, appears; 
while the “ general equator,” marked off by two parallel sectors, 
lies between them. With stronger application of the acid 
tliere is no reaction. Similar changes are effected by various 
temperatures. 

If uiisegmented ova, or morula*, are left in water for a shmi 
time at 39-45° C. the reactions are considerably increased, 
while longer exposure to heat has an opposite effect — the morulie 
no longer exhibiting special polar zones, but only the two “general 
polar zones ” separated by one equator. These results, along with 
the furtlier fact, that on cooling the ova the reaction to current 
is consideraldy retarded, indicate that we are in presence of a 
vital phenomenon, of which the further investigation promises 
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to contribute largely to our knowledge of the nature of the polar 
working of the current. 


Summary 

Gathering up the results of tliese detailed investigations 
into the visible effects of electrical excitation in diJferent con- 
tractile substances, certain points of view present themselves 
from which it appears possible at least to conjecture tlie speeitic 
action of current. 

In the fii-st place, it must be remarked that the law of 
excitation which du Bois-Eeymoiid postulated as universfil (only, 
it is true, with regard to the electrical excitation of motor nerves, 
but which was subsequently applied to the dinH excitation of 
contractile substances also) is not found to be a correct r(*pre- 
sentation of fact. It cannot therefore be taken as the l^asis of 
theoretical conclusions in regard to tlie specific nature of electrical 
excitation. The law in its original form was as follows : “ Tlie 
motor nerve (or muscle, contractile protoplasm) responds by Iht* 
twitch of the muscle belonging to it (or other excitatory syni])- 
tom), not to the absolute value of current density nt tlK‘, monuint, 
but to the alterations of this value from one moment to an- 
other — the stimulus to movement consequent on tlufse changes 
being greater in proportion to their ra])idity at uniform magni- 
tude, or amount per unit of time.” 

Even if we admit that in many cases, particularly in all quickly 
reacting and quickly conducting contractile substanciis, t.lio eiVect of 
excitation (so far as it is expressed by visible change of form) is 
especially prominent at the moment when current is inacU? or 
broken (closure and opening twitch), thei’e cannot on the otJicr 
hand be the slightest doubt that the electrical current in every 
case produces during its entire closure that change in tlie irritable 
substance which is fundamental on the one hand to excitation, and 
on the other to antagonistic inhilntory processes. Tn many cases 
these continuous effects are the only consequence of electrical 
excitation (e,g, smooth muscle, many protozoa). (Jurrents of 
insufficient duration are ineftectivc, as may be demonstratiid on 
striated muscle by the application of various methods (s/z/v/v/). 
Under all conditions the current, in order to (*xcite, must have*, 
a certain period of duration — greater in proportion with the 
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lower excitability and slower reaction of the protoplasm in 
question. And as at make of the current the excitation by 
no means accompanies the moment of closure only, so too at break 
the opening excitation considerably outlasts the disappearance of 
the current. 

The capital importance attaching to tlie manifestation of 
the make and break twitch in striated muscle, with regard 
to the entire theory and discussion of current action, renders 
it advisable once more to raise the question of what con- 
ditions are essential to the initiation of a wave of contraction. 
We know from experiment that in order to produce a wave, i.e, 
a perceptible twitch of the entire longitudinally traversed muscle, 
the magniiiule of tlte dwudus must exceed a certain minimal 
limit. If the stimulus is too weak the contraction either remains 
lociilised, or spreads over a limited area only of the muscle by 
conduction from section to section, until it finally dies away in 
consequence of the “ decrement.” The second condition essential 
to tlie propagation of excitation is a certai)i rapidity of process 
of the required magnitude. The changes at the seat of direct 
excitation must suddenly reach a con*es])oncling magnitude, after 
which excitation transmits them to tlie neighbouring sections, 
and these in turn produce the same effect upon their neighbours. 
That this is so is proved dii’ectly by tlie fact that it is easy to 
pass a strong galvanic current into a muscle without any vidhle 
excitation phenomena, which no doubt is partly due to the 
gradual increase of local fatigue at the kathode. This applies 
not merely to tlie electric^il make and break twitch, but to 
many other experiments. We need only refer to the fact that 
mechanical excitation caused by pressure does not produce a 
muscle twitch if it is increased gradually. 

This all throws light upon the true significance of dii 
Hois’ law of excitation, since it shows that not merely the 
local changes at the seat of excitation, but still more the 
].)ro}KUjatmi of the excitatory process, i.e, the discharge of a 
wave of excitation (contraction), are dependent upon the varia- 
tions of current intensity, and the steepness of the same, in the 
case of tissues in wliich conductivity is adequately developed. 
The “ universal law of excitation ” refers therefore less to 
the manner of the excitatory process, and effectuation of the 
changes of the excitable substance fundamental to it, at the 
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seat of direct excitation (physiological anode and kathode), 
than to tile conditions of the propagation of the excitatory 
process by conduction. In this sense the law may be expressed 
as follows : — 

As a rnh, lolicn current is a^pVml to suitable objeets^ tncns- 
mission of cxcitationi from- the point direct! ij stim ulated occurs onlif 
loith sufficiently rapid alterations of current, whether starting f rom 
zero, or from any givon mine. 

Comparative investigation of different contractile substances 
shows directly that visible changes arise at the point of 
excitation during the entire passage of current, and for some 
time after, the significance of which is clear except in cases 
where, e.g, in striated muscle, they are more or less over- 
shadowed by the results of the transmitted excitation (“ twitch 
Without entering into the question why tlicrc is, jis a ruh*, only 
oiu wave of contraction at closiu'e, and opening, of tlie circuit, it 
may be pointed out that tlie same effect occurs under certain 
conditions with intermittent persistent excitation li’oni liomo- 
dromous, rapidly inteiTupted currents, just lus in other cfises the 
continuous closure of a liattery current will products a ])erRistciit 
excitation of the entire muscle similar in a])pearanc(^ to that 
caused by intermittent excitation. As regards tluj first, it was 
shown by Bernstein and Engelmann that wli(*n tlie interval 
between two consecutive closures of a rapidly interriqited liattery 
current, falls below a certain value, the effect of excitation upon 
striated muscle is similar to that produced by eJosure of a con- 
stant current; i.e. a single wave of contraction (initial twitch) 
starts from the kathode, at which, as in pc^rsistent closure, tlicict 
may he persistent local contraction. The magnitude of this 
interval diminishes with increasing strength of curniiit, and 
increases with diminishing excitability. 

The same fact is still more ciisily demonstrated, according to 
Engelmann, upon the sluggishly reacting ureter, since the pauses 
between two consecutive closing stimuli may be inucb gieater tlian 
ill striated muscle without alteration of the effect, inasmuch as a 
wave of contraction only occurs at the lH?giniiing and (ujd of tliC 
intermittent excitation, starting in the one case, froin the kjithode, 
ill the other from the anode (“ initial and final twitefj ). L ndcu all 
conditions a certain interval, varying greatly in difhumit contractile 
substances (where conductivity is in general more high!} de\ eloper ), 
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is required before, when one wave of contraction has expired, those 
conditions are restored wliich are essential for bringing about a 
new wave of excitation (Engelniann). 

The facts submitted above re discharge of a rhythmical 
succession of conti-action waves during protracted closure of a 
battery current, do not contradict this conclusion. Expressed in 
general terms, the recovery of an original state of the excitable, 
conducting substance takes place only when a new wave of 
contraction passes during the continuance of an uninterrupted 
stimulus. 

Yet, in so far as the ratio and time-relations of the assimilatory 
and dissimilatory processes in living matter are correlative, this 
would apply to intermittent, as well as to uninterrupted, causes of 
excitation. As regards the latter we need only refer to the wide 
distribution of rhythmical processes of movement, depending, as 
may lie shown, in many cases upon the capacity of certain kinds of 
protoplasm to convert a constant stimulus into rhythmical excita- 
tion. 'J'his capacity is more or less developed from the relatively 
midiffercntiated protoplasm of protozoa (contractile vacuoles) up 
to striated muscles, but with striking diflerences of degree. Thus 
the ]ion-ganglionated, cardiac muscle pulsates rhythmically not 
merely with uniform mechanical or chemical stimuli, but also 
under the action of the constant current, and the same applies, 
though in a much lesser degree, to striated skeletal muscle. 
Without entering on the question of the specific cause of the 
rhythm in these and similar cases, we may point oiit that the 
occurrence of a rhythmical succession of contractions during 
sustained closure of the current is a very convincing proof that 
the excitation process is persistently maintained during electrical 
stimulation. The electromotive effects of sending current into 
the muscle, knowji, after du Bois, as secondary electromotive 
maiiifestations (whicli will l>e discussed below), are also of great 
importance in this connection. 

The second fundamental proposition is the law of the exdm- 
ircly iwlar action of every ordmanj electrical cumnt, to the effect that 
the erdtatory process is primiarily discharged at the physiological 
kathode only (in the majority of cases) at and during closure of the 
excitiiug current, at the physiological amde only, at and suhsegucntly 
to break of the current. A remarkable exception in localisation of 
electrical excittition is liowever shown to exist in many, perhaps 
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most, protozoans, where the excitation is indeed eonspicuoiislr polar, 
but appears at closure to be localised at the anode, on opening' 
the current at the kathode ; and lloux’s observations upon tlie 
morphological “ polarisation ” of ova also fall under this category. 
Further, in many cases an equally marked inhihitori/ action of the 
current is exhibited in corresponding changes of Ibrin, which 
appear simultaneously with the manifestiitions of excitation, but 
are localised at the opposite pole. JCathodic closirre excitation there- 
fore implies a simultaneous anodic closure inhihiiwn, anodic h real- 
excitation, Icathodic h^ealt inhihUion, Thus both the simultaneous 
polar effects, or after-effects, of current, and the subsequent ellecls 
at the same pole, as a rule, exhibit an antagonism (as is nion*. 
particularly expressed in the opposite reactions of “ eleetrotonic " 
changes of excitability at the pliysiological ])oles) by which it is 
possible to demonstrate the inhibitory elfects even in such ('.ases 
where, failing a tonic state of excitation, no visilde alteration oi' 
form appears. So far as may be concluded from experiments on 
muscle, the current, provided its strength does not exceed certain 
limits, appears to traverse tlie intrapolar area without ])r()du(‘ing 
any perceptible alterations within it. Under some conditions 
excitation phenomena appear in the vicinity of tlie pljysiologic'ul 
pole during closure of the anode and after opening the katlaxle ; 
but these seem to be due to diffusion of current and forjiiation 
of secondary electrode points, and are accoiiipanied l)y simul- 
taneous, antagonistic changes (inhibition) in the region (»f tlui 
other pole. 

The persistence of the excitatory or inhibitory effect ofcnjicmt 
during closure, as well as the localisation and antagonism at the 
poles, prove incontestably that the conscqucncxs of etcHrical cxeUa- 
tion are only a special manifestation of eomiuciu-iny electrolysis rn 
the living substance. On this assumption it l^ecojiies iiit/dligilde 
that the anodic and katliodic alteratioiis should iKuitralise Ccieh 
other when produced by a transverse current at the opposite^ 
longitudinal margins of a muscle-fibril, or any minubi tract o\ 
contractile substance {e.g. a pseudopjodiuiii). ibis view is not 
contradicted by the fact that in certain kinds of proto] dasiu the 
changes which underlie tlie excitation appear to bti localis(;d not 
at the kathode, but conversely at the anode; for this is ob- 
viously dependent on the quality of the excitalde substance, which 
is not necessarily the same in all cases. Ihese brief ol>.servatioijs 
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must suffice for the present. The subject will be taken up again 
in connection with the theory of electrical excitation, in so far as 
it is possible to formulate any such propositions. 
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OHAPTEK IV 

ELJfiCTKOMOTIVE ACTION IN MUSCLE 

TiIE_4}jot^n tiaI ene rg y stored as chemical forc^e in muscle, as in 
gll^q^bher^ Hying^ three fonns of vitaT 

energy, i,e, mechanical work (mass motion) and molecular motion 
in heat and ele<^ricijy^^ In so far as muscle-cells proper are 
concerned * it is the first of these which plays the weightiest 
part, and must be regarded as their characteristic function. The 
production of heat is not nearly as conspicuous in comparison, 
although in warm-blooded animals it also plays an important part 
ill tlie economy of the organism. Einally, the development of 
electricity, which alone concerns us in the present connection, 
falls, with a few negligible exceptions, so far behind the other 
two forms of living energy that the most refined methods and 
delicate instruments are needed in order even to ascertain its 
e-xistence. That, notwithstanding such disadvantages, this chapter 
of electro-ifiiysiology should be among the best known and most 
Ciirefully worked out in Physiolog}' is mainly due to the fact that 
since the discovery of the marvellous action of the electrical 
current upon excitable parts of the body, and the epoch-making 
controversy between Galvani and Volta, tlie idea that the mys- 
terious phenomena of muscular and nervous activity were in some 
degree related to tlie no less obscure force of electricity never 
wholly vanished. Although the conviction subsequently obtained 
that the force which travels from nerve to muscle (the nervous 
principle ”) is not in itself electricity, the rapid additions to the 
theory of electromotive action in certain animal tissues, and in 
muscle and nerve in particular, kept alive the presumption that 
these manifestations cannot be without import for the function of 
tJie 2:)arts in which they ai^e exhibited. 
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Soon, however, in spite of innumerable labours and discoveries 
in tliis well-worked field, a marked contradiction asserted itself 
between the sum of theoretical and experimental data, and the 
almost total ignorance of their significance for the function of 
the tissues involved : here we are not yet emancii)ated from the 
stage of more or less well-founded conjecture. In striking con- 
trast, on the other hand, is the electrical development in tlio 
living organs of those wonderful fishes, armed with powerful 
batteries, which afibrd a solitary illustration of the manner in 
wliich from insignificant beginnings in muscle or gland cells, 
where the electromotive action is hard to demoustriite, orgiins 
have been developed whose function as powerful electrical weapons 
of attack and protection is unmistakably attested. Tlie import- 
ance of these facts cannot be neglected, and the interest manifested 
in the department of electro-physiology now before us is tlie more 
legitimate, since the fundamental researches of Matteucci, du 
Bois-Eeymond, L. Heiinann, and others provide a basis wliich is 
not merely a satisfactory starting-point lor future lal>ou)s, lait 
from exactness of method guarantees the true intcr])retatiou «.»i’ 
all such observations. Notwithstanding the importaiu^e wliich 
attaches to the liistorical develojiment of the suljject, it cannot lie 
entered on here, and indeed could tmly be ablircviatcd from tlie 
masterly review given by du Bois-licymond in liis classical 
“ Untcrsucliunfjen'' 

We shall therefore proceed at once to the descrij)ti<»n of 
electromotive action in the “ resting muscle. 

I. — Current of Eest in Muscle 

Between 1 8 40-:l A4 

by C. Matteuc ci and du Bois-Beymmid that isolat^ 
muscle, under certain conditions, exhibited pronounced and 
regula r electromotive activity. This o])cncd up a vast fiehl 
of electro -physiology, the further investigation oi which will 
always stand out as an admirable achievement of du Bois- 
lleymond, after whom Hermann has made the greatest c(jn- 
tribntions. If a long strip is cut out of t)‘c middle of a frogs 
muscle with parallel fibres and legular structure (f.rj. sartoriiis, 
gi’acilis, semimembranosus), a .so-Ccilled muscle-prism, or muscle 
cylinder, is obtained, where two eml-suifaccs are formed by 
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artificial cross -»sectioiis, while the upper surface (the natural 
longitudinal section ” of du Bois) corresponds with the natural, 
uninjured surface of the muscle. If unpolarisahle electrodes are 
so applied to the muscle -prism that the one leads off from the 
artificial cross-section, the other from the middle of the natural 
longitudinal section, it will be found, with a properly sensitive 
galvanometer in the circuit, that there is invariably a pronounced 
deflection, i.e, a current, which fiows in the leading -off circuit 
from longitudinal to transverse section, in the muscle on the 
contrary from cross-section to longitudinal surface. 

Since any point of the longitudinal section, when connected 
witli any point bf the transverse section, invariably gives a 
current in the same direction, it may ]je stated generally that the 
(entire surface of tlic muscle cylinder is positive, and every cross- 
section of the same negative in potential. It soon appears, 
however, that the distribution of potential is unequal ; if the 
muscle cylinder is conceived as divided in two halves, by a 
plane parallel with its ends, and passing through the centre, the 
greatest positive potential at the surface corresponds with the 
“ equator,'* ix, the circumference of this section. From the equatoi* 
the positive potential on either side declines unequally, ix, falls 
more mpidly towards the end-surfaces, until at the margin between 
longitudinal and transverse section it becomes practically zero. 
Every line of potential, or isoelectric curve, tlierefore, forms a circle 
parallel wdth tlic equator. Tlie negative potential always decreases 
at the ends, on either side, from centre to periphery. It is easy to 
sec from this distribution of potential that the magnitude of decline 
may vary considerably, accoixling to the position of the electrodes 
of the leading-off circuit, so that the lines of current can 
foil into a strong, weak, or ineffective arrangement. There will 
obviously be no current on leading off from two points of the 
equator, or any isoelectric curve parallel witli it ; nor fi*om pomts 
of the longitudinal section symmetrical with the equator, or 
corresponding points of the terminal sections. On the other 
liand, a w'cak variation appeal's on leading off from two points of 
tJie longitudinal section asymmetrical with tlie equator, or two 
asymmetrical points of the section itself, or from )3oth artificial 
cross-sections. Fig. 102 gives a schematic representation of all 
these possible cases ; a, I, c, d stand for sections of the muscle 
cflinder ; the arrows show the direction of current flowing into 
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the leading-off circuit. There is practically no current in the 
circuit uniting symmetrical points. 

If the potential at each point of a longitudinal section is 
expressed hy an ordinate, falling upon the longitudinal section as 



abscissa, tJie line which unites tlie summits of the ordinates will, 
in consecpience of the rapid decline of potential towards the 
end-surfaces, be a curved line \vith a sharp drop at either 
extremity. A similar effect is produceil at the cross-section 

(Fig. io;i). 

If the regular muscle cylinder is shortened l)y making new 
sections, cylinders (prisms) will result, which follow the same law 
of the muscle current; the muscle can further be S])lit up longi- 
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Fig. 103.— Distribution of potenliul in Btraiglit innsclc cylinder. (Kosentlial.) 


tudiiially, parallel with the fibres, so that, as dii Bois expresses it, 
an artificial longitudinal section is formed which, like tlie natural 
surface, is positive to the transverse section. And no doubt if it 
were possible to investigate a single primitive fOtre in itself, the 
same opposition would still obtain between longitudinal section 
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and transverse section. Indeed, there is some justification for 
the further ]X)stulate of electromotive activity in the same sense 
ill each fmction of a primitive fibre. Tims du Bois-Eeymond 
arrived at the conclusion that each muscle-fibre was composed of 
minute electromotive particles (“ molecules suspended in a con- 
ducting tiuid, and lie developed on this basis a theory of the 
electrical plienomena in animal tissues, which long held the field 
undisputed. It was a necessary corollary of this view to suppose 
— as seemed to be supported by experiment — that uninjured, 
striated muscle with a natural transverse section gave exactly the 
same electromotive redaction as that furnished with an artificial 
cross-section. By natural transverse sections '' du Bois-Bey- 
mond understands the total of the uninjured ends of muscular 
fibres still normally connected with the tendon. This theory of 
the electromotive equivalence of artificial and natural cross- 
sections rests mainly upon the electiomotive reaction of the 
apparently uninjured frog’s gastrocnemius, and the complicated 
structure and general application of this muscle make it advisable 
to examine more closely into the much-discussed “ gastrocnemius 
cimcnt.” Leaving out for the moment the fact that the really 
uninjured muscle gives no electromotive reaction {infra), it may be 
assumed that the achilles tendon is, as in the majority of cases 
where no special precautions are biken, }iegative towards the 
remaining surface of the muscle. Owing to the complex struc- 
ture, the distribution of surface potential will then be far more 
elaborate than in a muscle cylinder with regular parallel fibres. 
Iiosenthal (2) gives a very comprehensive description of the 
structure. 

Two plates of tendon, above and below, ai^e joined by 
muscle -fibres rumiiiig obliquely between them, so as to fonn a 
semiplumiform muscle. Now let the upper tendon -plate be 
folded in the middle, like a sheet of paper, and the two halves 
grown together. There is thus an upper plate of tendon lyhig 
inside the muscle, with muscle-fibres starting obliquely from it 
on either side ; the lower tendon is, however, curved through 
the folding together of the upper, so that the whole muscle 
assumes the form of a root, cleft longitudinally ; its smooth 
surface (which faces the bone of the shank) consists entirely of 
muscle-fibres, and exhibits only a fine longitudinal streak as indi- 
cation of the tendon concealed within, while the bulging dorsal 
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aspect is covered in its lower two-thirds by tendon-substance, 
continued below into the teiido achilles'* (Fig. 104). 

The gastrocnemius is thei’efore provided by nature with an 
oblique transverse, and a natural longitudinal section, which 



Fifi. 104. — Sclieiua of Gasti-Oicncniiiw »tru<‘tun'. (Du Hois-Uoyiui^iid.) 


include the whole, of the llat, and a small part of the bulging 
surface. This is in correspondence witli the cliamcteristic dis- 
tribution of potential on the surface of tlie muscle. If a regular 
muscle cylinder is twisted oldiquely (Fig. 105) so that the 
tenninal cross-sections run parallel with eacli otlier, but obli([uely 
with tlie axis, the curve of greatest positive potential corres] Kinds, 
not with the equally oblique, centrally placed, elli[)tical eijuator, 
but with a winding curve drawn towaids the Idunt (.‘orners. 
Conversely, the negative potcmtial is gi*eater at the sharp, than at 



Fio. lOo. — Distribution of potential in obl^ue inusele cylinde, (Uo iitlial.) 


the blunt, corners of the cross-section. When there is no current 
through the regular muscle cylinder, so that tlie contacts of the 
leading-off* circuit are equidistant from tlie geometrical equator, 
it is evident that a current will be obtained, flowing in the muscle 
from shaiT> to blunt edge (du Bois’ " Xeigungstrom ”)* Such 
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currents are exhibited by the gastrocnemius provided cA initio 
witfi an oblique section. A strong current is effectually obtained 
on leading off* from the upper and lower ends of the muscle, 
flowing in the muscle itself in an ascending direction. But cur- 
rents of greater or less strength appear with almost any lead-off, 
since equipotential points are rare upon the surface. 

If the ascending gastrocnemius current is not too weak it 
may easily — like all longitudinal currents — be demonstrated 
with the physiological rheoscope (rheoscoxnc leg), and this not 
merely in the exx)eriirient of Galvani and Volta as “contraction 
without metiils,” in winch the sciatic nerve drops upon the convex 
surface of the muscle, and cmises an external short-circuiting of 
the current through the nerve, but also by including the nerve 
in a cii’cuit of low resistance led off from longitudinal and trans- 
verse sectioji. In this way a twitch is obtained from the leg on 
closing, and sul)sequently on opening, the circuit. While at the 
time of the famous disijute between Galvani and Volta, it was the 
excitation of a motor nerve through the muscle current, in the 
form of “ contraction without metals, that excited the greatest 
interest, since the experiment appealed to be a direct proof of the 
existence of an electricity peculiar to the animal tissues, the interest 
in this point subsecpiently disa])])eared when it was no longer 
disxnited. On the other hand, another attenq)t to demonstrate 
the muscle current by a physiological method, deserves more 
attention. If the current of the longitudinal section suffices to 
excite the nerves of a rheoscojiic leg, it is conceivable that the 
muscle itself may be excited by its own current, or current from 
another muscle (Hering, 4). 

As early as 1851) Kiihne (3) described a characteristic 
reaction in tlie transversely divided frog’s sartorius, appearing 
when the cut surfiice was dipped into various fluids, and ascribed 
by him to clumiicxd excitation of the exposed fibres. If the 
vertically deiiendent, curarised muscle is brought into contact 
with a watch-glass of 0*0 Vo ^^aCl, immediately after making 
a section, a twitch almost invariably follows at the moment 
of contact between cut surface and fluid. The muscle is thus 
jerked out of the fluid, but on relaxing it dips in again, when 
a second twdtch follows, and so on. In this manner a long 
series of rhythmical contractions (over 100) may be discharged. 
The exx.)erinieiit comes off with a number of other fluids. . Besides 
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difterent concentrations of XaCl solution, Kuhne Ibuiul that 
solutions of fixed alkalies and mineral acids up to 0‘1 /' 
were very efiective, as well as solutions of dilierent salts, but lie 
failed to detect a twitch when the section was brouglit into con- 
tact with distilled water, alcohol, creosote, concentrated glycerin, 
and syrupy lactic acid; Wundt and 8clielske further noted tliat 
concentmted solutions of sublimate produce no twitch from the 
transverse section. Kuhne held that (siQnn) all cases in which 
he observed twitches, on touching a fresh section with fluid, 
were due to chemical excitation of the exposed fibres. But tliis 
is a doubtful hypothesis in view of the fact that witli O'o-O'G 
NaCl solution, which is well known to be comparatively liarm- 
less, the effects in cpiestion appear peculiarly well marlved and per- 
sistent. It is, moreover, remarkable that salt solution wlieii apidied 
to the muscle section that has been moistened, does not pn)duce 
any permanent excitation, as would l)e tljc case if the fluid acted 
as a chemical stimulus. And it may be shown that tlie e.vcitatory 
effect fails if tlie solution is applied to tlie transverse section only, 
and hardly, if at all, to the longitudinal surface of the musch‘. 
Hering (4) produced this, inter alia, l>y placing a small sti*i]» 
of greased f)aper round the cross-section of the muscle, so that its 
lower margin coincided with the nua'gin of the section. A muscle 
prepared in this way does not twitch on biinging thi‘- tiansversc*. 
section into contact with the salt solution, as must in(*vitably 
occur if it was a chemical excitixtioii. If, on tlie otlan' hand, the 
muscle is dipped into the fluid above the strip, the twitch 
reappears again.” Accordingly if the expm’imeiit is U> succeed 
“ it is essential that there sliould Ije on the one hand a connection 
between the transverse section and the lowest part of the longi- 
tudinal surface, while on the other this co}iductor must not have 
too great a resistance, ie. the quantity of XaCl solution which 
produces it must not be insuflicient.” If then — as can hardly l)e 

doubted from the al)Ove — this is an cleetriral excitation of iha 
muscle, by sudden short-circuiting of its f)wn current withi]i the 
wall of fluid that rises at the moment of contact, from transverse 
to longitudinal section, it is easy to understand that all non- 
conducting, or ill-conducting fluids, as we learn from experiment, 
are ineffective, even if they have a demonstrahle chemieal action 
on the substance of muscle (sublimate, alcoliol, water). Ind(!e‘d, 
as Hering pointed out, the mere reaction of tlie muscle on 
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touching its cross-section with a fluid is a tolerably sure indication 
as to whether such a fluid, is a good or l^ad conductor. Upon 
this assumption we may explain other easily verified experiments, 
wliich to some degree are mere modifications of the fundamental 
experiment quoted. If a drop of salt solution is allowed to fall 
upon a cut at right angles to the direction of the fibres in a 
muscle, the cut ends usually twitch, and the wound gapes open. 
Again a twitch can be provoked from the transversely cut sartorius 
if the longitudinal and transverse sections are connected by a moist 
conductor {ejj. strip of liver, dead muscle, etc.) The preparation 
can also l>e laid upon unpolarisable zinc trough electrodes with 
mercury closure, leading off from the fresh transverse section 
and a point of the longitudinal section adjacent to it. Again, if 
tlie cross-section of a freely dependent sartoiius is l>rought into 
contact with tlie longitudinal surface by bending the end with a 
glass rod, the muscle will twitch from the sudden closure of its own 
current, finally, Hering succeeded in producing a twitch in an 
uninjured, by current from an injured, muscle. To this end the un- 
injured sartorius was fixed by the bones so as to hang down in a slack 
curve. The second vertical muscle was then brought into contact 
with it, the cross-section being apx)lied to the surface of the first 
muscle. “ Wlieii Ijotli muscles are very excitable they may both 
twitch ; for as, on contact with the cross-section, it is very likely 
tliat jiart of the longitudinal surface also will be in contact with 
tlie uninjured muscle, closure of current in the injured muscle 
is eliected by the uninjured, and both are simultaneously excited.” 
This always occurs, indeed, if the cut end is bent over. In all 
these experiments short-circuiting of the muscle current is efiected 
d)y woLst conductors. Mvtah indeed are of A^ery little use on 
account of their extraordinarily rapid polarisation, though at first 
sight the contrary might be expected. Hering, like Kiihne (5), 
found little or no twitch, when contact was foimed at the fresh 
cross-section of a curarised sartorius by a platinum plate, while 
a wire of the same metal, connected with a mercury key, effected 
contact at different points of the conducting surface. 

The fact that current from the longitudinal muscle section 
may under certain conditions excite not only the nerve of a 
rheoscopic leg, but also the injured muscle itself, or even one 
that is uninjured, gives a priori reason to suppose that the 
same factor plays a part in all electrical excitation of injured, 
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ie. electromotive, muscle, and it is the more essential to bear in 
mind these phenomena of interference hetween the artifeltxl and 
the. natAiral cumnfy since they involve facts which have led to 
important theoretical conclusions. 

We have already cited, as a cogent proof of tlie validity 
of the law of polar excitation, the characteristic response of a. 
muscle with parallel fibres, injured at one eiul only, to longi- 
tudinal passage of current; as seen, e.g.y in the fact that the 
excitatory effect of closure or opening of a current is invariably 
diminished or abolished, when it leaves or enters by tlie demarca- 
tion surface. Since in the former case the direction of that 
fraction of the muscle current which branches into the exciting 
circuit is always opposed in direction to the ])attery current, 
the latter is necessarily w^eakened by tlie former, and the 
question arises whether this in itself would not be sufiicient to 
account for the diminished excitation at closure of tlie circuit. 
Obviously in this case, if the muscles are introduced into the 
same circuit, one behind the othex', one of them being inj'urcd at 
one end, the closure of the cuiTcnt xvould aflect both nmscl(*s 
equally, i.c. the make excitation with admortal direction of current 
would be abolished or lessened, not merely in the muscle with an 
ai’tificial cross-section, but in the normal preparation also. Yet 
this is not the case, and the theory is no less definitely refuted 
liy the fact that the death of the fibres at hath ends of a miisclt* 
xvith pai'allel fibres, produces the s.ame de]>ressioii, or a))olilion, 
of excitability towai^ds the closure of ascending as of dcsciMiding 
currents. On the other hand, it appears as if tla* augnu'iited 
effect which is often to be seen at closure of w(*alv “ abtor- 
minal” battery currents after injuiy to om^ end of the sar- 
torius, is essentially caused by the deriving curnmt 1‘rom the 
muscle superadded in this case, algebraically, to th<‘ exciting 
current. 

Under certain conditions, to be discussed bidow, a s]»urious 
break twitch appears in consequence of interll*rence betwc^cm the 
demarcation cuirent and an artificial excitation current, wliieli 
might easily be taken for the effect of a real break excitation, 
and is in fact frequently confused with it. Givcux a leading-in 
circuit of comparatively low resistance, so connected with a 
curarised sartorius jjrovided at the jielvic end witli an artificial 
cross-section, that the unpolarisalile contacts appli('d, oii tlui 
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one side to the cross-section (or bones of the pelvis leading off* 
from it), on the other side to the tibial end of the tendon (or 
tibia itself) ; then at the moment of closing the circuit, which 
has been broken at any point, the longitudinal current will 
equalise itself, and will presumably, on leaving the normal 
muscular substance at the small end of the muscle, discharge a 
make twitch, if the intensity of the shunt current is sufficient, 
the resistance in tlie circuit being as low as possible — conditions 
which are scarcely afforded in the case before us. But if we 
suppose for a moment that we are really dealing in this case 
with discharge of a make twitch of tlie muscle through slioit- 
circuiting of its own current, a twitch that was referable to 
this cause would also be produced if the fraction of the muscle 
current shunted off* was compensated, or even over-compensated, 
l)y a galvanic ciiri'ent sent througli the intrapolai' tract, ix. the 
(mtire muscle, in an ascending direction — finding closure again 
suddenly at the instant tlie battery current is broken. In the 
case in which compensation is complete, and unavoidable secondary 
efl*ects of the compensating current negligible, the excitation 
effect will be na great on opening the galvanic current as on 
tlie previous closure of the circuit. The experiment is sure to be 
successful, if the resistance in the leading-off’ circuit is reduced 
as much as possible by shortening the intrapolar tract of the 
muscle (G). 

It is often sufficient to use the lower half of the sartorius 
only, by killing a segment in the middle of the muscle with 
heat (artificial thermic section), fiistening this point with small 
needles to a cork plate, and leaving the lower third of the muscle 
free, weighted only by the deiiendent tibia. Two unpolarisable 
electrodes, one of which is placed upon the upper margin of the 
tract destroyed, while the other (near the tibia) dips into a vessel 
with concentrated salt solution, serve on the one hand to lead off* 
the muscle current, and on the other to lead in the com- 
pensating battery current from a Baniell cell. In order to 
graduate tlie intensity of the latter, a rheochord is introduced 
into the circuit, which serves as a deriving circuit to the 
muscle. Provision should be made for opening the circuit at 
two different points, since the object is to investigate the 
difference in excitation effect on breaking the mam current with 
simultaneous short-circuiting of the muscle current, and on 
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simply cutting out the formei\ Foi' this purpose two mercury 
keys are introduced into the circuit, one between the cell and the 
rheochord, the other between the latter and the muscle. The 
former is denoted Mow as the key in tlie principal circuit, 
the latter as key in the deriving circuit. If tlie key of this 
deriving circuit is closed immediately after the thermic section has 
been effected, the key of the primary circuit remaining open, a 
perfectly visible, though usually weak, closure twitcli is seen 
under favourable conditions in very excitable preparations. The 
results are more certain if the unpolarisable electrodes tU'O placed 
near together, in direct lateral contact with two ])oints of tlic 
surface of the muscle, whereby the resistance in the circuit can be 
suitably reduced. If the upper half of the uninjured sartoriiis 
is stretched on a cork plate, and one electrode placed at tlie 
pelvic end, the other at a slightly lower point of the longitudinal 
surface, then on leading a weak or medium current, descending 
or ascending, through the muscle, a twitch occurs at every 
closure, while on opening the circuit ).)y the principal, or sliunt 
key, no trace of change of form in tlie muscle is ajipareiit. 
The result of the experiment is very diilerent wlien an artificial 
(thermic) section has previously been made at tlie pelvic end 
of the muscle ; if the negative electrode is now in contact with 
the heat-rigored end of the muscle, while the positive electrode 
is applied t-o the nearest point of the uninjured surfacii, tlauxi is, 
with rare exceptions, in excitable preparations, immediately after 
the injury, a distinct twitch, the index of excitation in the freely- 
depending half of the muscle, as soon as the deriving circuit is 
closed — the principal circuit remaining open. It is (jl>vious 
from the conditions of the experiment that this also is an 
excitation resulting from the passage of the muscle current 
through the shunt current. Whether this liappens or not, then* 
is invariably, under these experimental conditions, a jaonounced 
shortening of the muscle when a weak liattery current op])osed 
in direction to the muscle current (i.e, in this wise ascending) is 
made for a short time and broken in the principal circuit. Sinerj 
the physiological kathode is at the seat of injury, the makci 
excitation either fails altogether, or is very insignificant. This 
result, however (given a sufficient distiince of the leading-off, or 
leading-in, electrodes), appears at the opening of tlie princij)al 
circuit only, while there is no sign of mechanical change on 
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oiDening the deriving circuit. A maximum difference of electrical 
potential in the points of the muscle, from which the electrodes 
lead off, as well as lead in, is the only indispensable condition. 
In view . of the preceding discussion, there can be no doubt 
that the striking difference of effect on breaking the circuit at 
two different points, is solely due to the fact that the demarca- 
tion current in the one case finds an external circuit of com- 
paratively low resistance on opening the Imttery current, which 
is wanting in the other case. The twitch, though coincident 
in time witli the moment of breaking the circuit, cannot 
1)6 regarded as a true opening twitch due to internal reaction 
of the muscle, but is much rather a closure twitch, discharged 
by external short-circuiting of the muscle current (Bieder- 
mann, 6). 

If the distance l)etween the two electrodes is very small, 
there will, as a rule, even with minimal currents, be liardly any 
perceptible difference in the magnitude of the break twitches, 
whether the battery circuit or the muscle circuit is opened. 
Intermediate electrode points may be found, in which there is a 
certain difference in tlie juagnitude of twitch, according as it is 
discharged at break of tlie principal, or deriving, circuit, since 
in the latter ctise it decreases in proportion as the point of 
entrance of the atterminal battery current recedes from the limit 
of the thermic section, the kMiodic contact at the cross-section 
remaining unalt/Cred. This is easily explained in view of the 
pronounced internal short-circuiting of the muscle current that 
always occurs in tlie immediate vicinity of the electromotive 
surface. For if countless lines of current pass out at the surface, 
in parts that are still excitable, near eacli transverse section of 
each single primitive fibre, and thus of the entire muscle, a 
battery cuiTent entering at this region of internal short-circuiting 
must ipso facto compensate a portion of these lines of current, 
some completely, some imperfectly, while others again may be 
over-compensated. This, however, implies that those spots more 
or less entirely lose their character as kathodic points of the 
muscle current, or even become anodic points of the battery 
cuiTent. If the latter is opened again, the former condition 
is instantly recovered ; the points once more become kathodic 
points of the muscle current, and are excited by it. The 
battery cun'cnt therefore abolishes in part the internal closure 
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of the muscle current, the sudden rcstoriition of which, at break 
of the battery current, produces a make contraction. 

It is indeed a matter of indifference whether the break of the 
galvanic current occurs in the muscle or battery ciicuit ; in the 
latter case it must be taken into considemtion that the branch 
of the muscle current, which is closed by tlie rheocliord, and 
compensated, or over-compensated, during the passage of the. 
galvanic cun'ent, finds its closure at the moment the latter is 
broken, and hence induces the “spurious break twitch.” The 
theoretiail differences in magnitude of twitch in eitlier case are 
not, however, perceptible, because the contractions are viu'}’ 
marked in both cases. 

Since the last-named effects of excibition are of ini])ortanci‘, in 
regard to certain facts respecting electrical excitation of nerve, to 
be described below, we must consider tliem a little more in detail. 
If a loop of moist thread is laid round the muscle — stretched, 
to obtain a gi’ajihic record of its twitches, in Herings double 
myograph — so that the current enters anywhere in its contimiitj', 
in the close vicinity of an artilicial section protluced l.>y crushing, 
while it leaves it again at the pelvic bone, pronoun(*cd break 
contractions, which are almost entirely independent of tlie Icaigtli 
of closure, may be seen directly a weak cniTent is sent in, willaail 
regard to the point at which the circuit is ojjcned. Jl‘ while tln^ 
kathode remains in aiin at the uninjured i)elvic end <jf the 
sartorius, the physiological continuity of the ninscle is inleri ii]>ted 
somewhere near the middle by crushing with foice])S, the tlirciad 
being applied now to one side, and now to the other, ol‘ the seat 
of injury, but always close to its margin, break contractions may 
be seen in both cases at ecjual current intensity, in i>J‘ the 
halves divided by the injury, the contraction being always in 
that half where current enters at the artilicial section. It 
the electrode by which current enters is removed ever S(j little 
from the point of injury, tlie effects of excitation being tested at 
each new position, it may be seen that the “s])urious Ineak 
twitches ” as a rule become weaker, even at ])(hnts of the normal 
longitudinal surface that are no more than 2 miii. froni the ]>art 
injured, and disapfiear altogether as soon as ihti thread is nmved 
still further, provided closure is effected hy the key ot the (leriv- 
ing circuit. 

If we are justified in saying that tlie only fact of imjxatancc 
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in the discharge of spurious break twitches by internal shunting 
of the demarcation current, is that the kathodic points of fibres 
in immediate juxtaposition with the electromotive surface, by 
which current leaves the muscle, become temporarily the points of 
entrance of an adequate galvanic current (in which case there will 
only be partial compensation of the demarcation current), it might 
be expected that spurious break twitches would appear, not only 
— as in the case descrilxid above — on applying attenninal '' 
Ijattery currents, but also when, on ‘^abterminar’ passage of current 
through the entire muscle or a portion of the same, the entry of 
the current occurs at the limit of an artificial cross-section in 
the region where, tlie muscle current leaves it. It is in fact 
sufiicient, for the discharge of spurious break twitches of great 
vigour, to make an artificial section at the pelvic end of a 
sartorius, followed immediately by a weak descending galvanic 
current through the entire muscle, entering laterally close under 
the margin of dead and living substance by means of a thread 
electrode. 

If further, witli aljterminal direction of current, the dead ends 
of fibres are conceived as connected by any kind of conductor 
with the zone of normal longitudinal muscle -surface imping- 
ing on the border, we might expect spurious opening effects of 
excitfition in this case also. Such, r.^., do appear when one end 
of the muscle is crushed with small forceps ; the bulging and 
curving of the longitudinal surface of the fibres then give repeated 
opportunities to both muscle current and battery cuiTent to enter 
and leave at points in the uninjured surface of the muscle, and 
thus to discharge effective make, or spurious break, excitations. 
If, after ascertaining that an ascending current of medium intensity 
discharges no perceptible ).a*eak excitation in a sartorius stretched 
in the double myograph, the muscle is crushed, as indicated,, close 
to the lower end of the tendon, opening twitches will appear 
almost uniformly — direction, intensity, and duration of closure of 
the exciting current remaining constant — and must, according to 
the above, be regarded as sjpnrmis (Biedermann, 6 ; Engel- 
mann, 7). 

From this digression we may return to the consideration of 
the “cuiTent of rest” in muscle, its proj^erties and its origin. 
Since, provided the galvanometer swings are not excessive, the 
deliections are known to be proportional to the intensity of the 
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current, it is of course easy to measure the intensity of the 
muscle current: yet, in view of the gi’eat ami very variable 
resistance of vegetable and animal tissues, such measurements are 
on the whole of little value. Much gi*eatcr importance attaches 
on the other hand to exact measurements of cleefromotive foree. 
If two points of difterent potential are connected by a leading- 
off circuit to a conductor wliich is the seat of electromotive l\n*ce, 
a branch of the current will flow through these, of intensity 
dii-ectly proportional witli the E.M.F. whicli may be conceiviHl as 
acting at the points of junction. The magnitude of the latter 
may thug be measured from the difference in ]^otential between 
two points led off, and where 
it is possible to determine this 
' exactly, it is also possible to 
determine the magnitude of the 
electromotive foree. And the 
E.M.r. of the longitudinal current 
could bo ascertained simjdy by 
measuring the P.I). between 
natural longitudinal surface and 
artiflciiil cross-section. Tlie dif- 
ference of potential between two 
points is easy to determine ex- 
])erimen tally, by a method in- 
\^ented by Puggendorff* and essen- 
tially improved by dii Bois- 
Keymond (8). 

The principle of the method is to replace the niMgnel from 
its deflected position to its original position of r(*.st, by means of a 
fraction of the current of a standard cell, opposing Jind cancel- 
ling the original curreni:. The known varialjle JM). is thus 
a measure for the magnitude of the unkiuAvji difference to jx* 
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determined. Such a “ compciisathig ** curreJit can (•usily lx* 
derived from a measuring circuit by means of a rheijchoid, termed 
in this case a “compensator.” If a constant current (K) is led 
through a straight or circular wire (Fig. 100 a, h), a definite 
“ electrical fall occurs in the circuit, since tlicTc are differences 
of potential at (.lifferent points. Now, if the longitudinal section 
of a muscle {M), lying upon unpolarisable electrodes, is connecbxl 
by means of a reverser (C) with the end (c) of th(3 comjiensiitor 
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wire, while the point led off on the longitudinal section is con- 
nected with a metal slider (c) leading to the wire of the 
rheochord, the galvanometer (B) will be affected on the one 
hand by the difference of potential between the rheochord points 
a and c, on the other by that between the transverse and longi- 
tudinal surfaces of the muscle. It is easy at any moment by 
moving the slider (c) to compensate the deflection produced by 
the muscle current. The P.D. between longitudinal and trans- 
verse section of the muscle will then obviously be the P.D. 
between the jx^ints a and o of the rheochord wire. And in the 
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latter ciicli millimeter corresponds with a given fraction of the 
E.M.F. of a Daniell cell. 

In order to carry out these measurements quickly and con- 
veniently, du Bois-lleymoiid constructed the “ round compensator,” 
in whicli the rheoclioid wire a, h is attached to a circular disc of 
ebonite. Its terminals arc connected with screws I. and II. ; from 
1. a wire also goes to IV., III. being connected with the metal 
l>ulley (r), which sHdes upon the rheochord wire, so that a 
given lengtli of it can be included by moving the slider (Fig. 
107 &). 

By tliis method du Bois-Eeymond took numerous measure- 
ments of the electromotive force between longitudinal tun I 
transverse sections of striated frog s muscle. The average was 
0*03 5-0*075 Dan. According to Matteucci, the muscle- 
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cuiTent is stronger in proportion as the aninuil is Ihgher in the 
scale, but it is difficult to get exact measurements of E.^1.F. 
in warm-blooded muscles, on account of the rapid death of the 
tissue. That the muscle current is essential to the preservation 
of normal \dtal activities in the muscle appetnrs directly from the 
fact tliat dead muscle has no electromotive action, or at most 
exhibits excessively irregular and weak reactions. Moreover, the 
E.M.r. of the excised muscle, 
provided with a cross-section, 
undergoes, as du Bois pointed 
out, a slow decline ; the pro- 
cess of death, creeping slowly 
from the cut surface, gi’adiially 
involves all the injured hhres 
of a muscle, so that they be- 
come rigored and incapable of 
electromotive action. Accord- 
ingly, the limit between dead 
lihres (contined at first to the 
cut surface) and tlie living part 
of the contractile snhstnnce 
(“ the dnnarmtvni Httr/acc ”) 
encroaches inwards in the 
course of tlu*. rigor. 

We liave fre(jueiit]y uscmI 
the term artilicial section,’’ 
even wlien IIkuc. was no real 
cut surface, Init only a <le- 
niarcation surface as above. 

As a mattt'j- ol‘ fa('t each 
dead l>it of muscle- fibre be- 
haves as an indiiTereiit lag (comparaljle. with the tendon 
substance), which leads off from the artilicial cross - s<*<'tion, 
La limit l)etween dea<l and living fihr<;s. Jn lliis sense, 
therefore, it is quite legitiiiiate to s])eak of a mechanical, 
thermic, or chemical section. As a general rule, moreover, tin* 
strength of the electroniotive action is indepoiiflent of the kind of 
death, or destruction, of a tract of fibres, so long as th<! protM-ss 
is actually accomplished. 

If these experiments pr(»ve beyond doul»t that the muscle 
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current is a property of livimj tissues, it would still ouly appeal 
to us as a vital phenomenon of the first interest if it could be 
])roved that du Bois-licyniond’s law of the equivalence of natural 
and artificial sections was universally valid, i.e. that a P.D. 
between the tendon end and remaining surface of the muscle, 
corresponding with the muscle current, is demonstrable in all 
cases; in other words, if the ‘pve^e^iyisteiice'' of the muscle current 
in intact living animals were a proved conclusion. But this, as 
we shall see, is by no menus the Ci^ise ; on the contrary, the result 
of the innumerable experiments of a later date has been more and 
more in favour of the view upheld by Hermann, to the eflect 
that the mu sole current is not pre-existent, but is an artificial 
effect of the preparation. Matteucci long ago iiiainttiined that 
there was iio trace of a muscle current in the uninjured living 
animal. According to him the current arises from the leading- 
ofl' contacts. Du Ifois-Reymond, who {s^npra) adopted the theory 
of a consbint difierence in potential l)etween the achilles tendon 
(natural section) and uninjured suiface of the muscle, chiefly on 
account of his first experiments with the frog’s gastrocnemius, 
was sul.)S(iquently obliged to modify his opinion. The starting- 
])oint of these last investigations of du Bois-ruymond was a 
seri(*.s of* observations on the effect of cold on the muscle current, 
which, as Matteucci had i:)ointed out, produces a marked diminu- 
tion. Du Bois-lteymoiid upon the whole confirmed Matteucci’s 
coiiclusions as to decreixsed action in the muscles of cooled frogs. 
(Jastrocnemii (which, on leading off from tendon and natural 
longitudinal section, invariably gave, according to du Bois- 
Bcymond’s original theory, a vigorous normal current) exhibited 
negative or reversed elfects in the sense of a descending muscle 
current, while directly an artificial cross-section was provided 
they yielded an ascending current. JAi Bois-ltcymond designated 
the state of Jiiuscle induced, as he thought, by cold, the “pareleetro- 
nomic ” state (Trapai^o/xov = against the law), because it gives no 
electromotive response, or even reacts in the opposite direction. 
The fact that these parelectronomic muscles resume them ‘^normal” 
activity from the moment they are laid upon pads of salt clay 
coated with an albuminous membrane, is due, however, less to warm- 
ing than to the slow chemical alteration (corrosion) of the tendon, 
which is in contact with the concentrated salt solution of the lead- 
iug-off electrodes and the albumen of the membrane. These fluids 
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gradiuilly induce the same effect that is suddenly brought about 
when a mechanical or tliermic section is applied by any method. 
Hermann (9) sliowed later, by conclusive exi)erimeiits, that 
the E.M.F. of excised muscles does sink considerably tlirough 
cooling, and rises again on increasing the temperature ; aeeording 
to Hermann tlie variation may rise to 22 witliin tlie raie^e 
of vital temperature, Init is probably still greatcj’, since, in 
the methods used, the dee]>er layers may not be allecled in the 
same degree as the more superlicial. 

If in preparing, as well as in leading off' from tlu^ muscle, 
care is takeii to avoid all possible injury (especially at the tendon 
end), the electromotive effect is either negative, ov tln^ IM). hot ween 
surface and iiiitural section is so negligible that it iniglit h^giii- 
mately be ascribed to inevitable distiiibances from e\[)Osuit‘. 
Moistening the uatnral section with llnids which do not attac'k 
th(i muscle-substance chemically, ry/. physi(»logical NnCl solction, 
gives no perceptible develojanent of current. letter on in dn 
BoiS'Eeyniomrs investigations, it ap])ea]’cil that tlu' siipposcal 
eff'ect of coolijig is not .so important in tlie d(‘\’eIo])m(*nl of 
jiarelectroiiomy, hut that all muscl(‘s are, rather, permammLiy at. a. 
more or less pronounced grade of the ])are](‘ctr(>nomi('. (‘omlilion. 
Tills state is not therefore almormal and an clfei't of co»ding, hut. 
is perfectly normal and rcgidar. As Hermann remarks, the term 
parelectroiiomic ” miglit witli more justice lx? applied to the stale, 
ill which (Mirrent is fully dcvelo])cd between end id' tendon and 
muscle, Ilian to that which dii ]5ois-Jb*ymond d(*.signales by il-. 

Du Bois-JieymoiKr.s cxjdaiiatioii of tlie ]>arele,ctronomic state, 
will he discussed lielow. Ihu'e it can <uily be said that he. 
atti*il)Utes the* failure, or absence, of cuiTcnt ladwcxm surhae 
and natural section to the presimce of a thin layer r)f s]»ccilie 
muscle-substance at the natural section, which by its conlrary 
action partly compensates, or even over-corn j>cn sates (/y . alMdishcs), 
the normal electi’oinotive action of the remaining mass of tla* 
mil sole. 

The production of current when the natural enjss-.section is 
moistened with concentrated jS’atl solution, acids, or alkalies, 
or is cut or heated, must accordingly be relerred to iIh* ehemica], 
thermic, or mechanical flisturhancc of this tliiri sheet, called by 
dll Bois-Iieymond the parelectronomic Jaym*. This tbcoiy of a 
parolee tronomic condition at various stages of develojaiKait 
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affords a simple explanation of the vigorous, normal current of 
the apparently uninjured gastrocnemius, as also of the irregular 
effects which may be produced on leading ofi:‘ from tendon and 
natural longitudinal section of the different thigh muscles. But 
it is evident that, under the given conditions, the state of m 
cmrent must be regarded as normal. If it could be proved 
that all muscles in the perfectly uninjured state are invariably, 
and under all conditions, currcntless, the hypothesis of a special 
layer working in a contrary direction at the natural section w^ould 
obviously be superduous. The entire controversy as to the pre- 
existence of the muscle current turns, therefore, as Hermann said, 
upon whether it can be demonstrated before the animal is skinned, 
on tlie muscile in situ, with normal circulation. This might seem 
comparatively easy on the frog, since its moist, thin skin lies 
loosely on the muscles, and forms a relatively effective sheath. 
And it is in fact the most favourable object for the experiment. 
Du J)ois-Iteymond dcivoted much time and trouble t<^ the in- 
vestigation of the muscle current in the living, uninjured frog 
with intact skin, and concluded, linally, that normal differences 
of potential did exist in the sense indicated. NevertheJess, this 
also appeared later to 1)0 an interpretation against which serious 
objections can be urged. In leading off* from frogs, and frogs’ 
limbs, with intact skin, dii Bois-licymond again employed 
trough electrodes, filled with concentrated HaCl, and covered 
with an “ albumen membrane.” It was soon found that the 
contact first applied was always X) 08 itive to the second contact, so 
that after some time a ciirrent of low E.M.F. appeared, in the 
direction of the longitudinal current in a skinned frog. The first 
effect depends, as du Bois found, upon an electromotive force in 
the skin of the frog itself. It is here sufficient to state that the 
KIVI.F. of the skin is vertical to its surface, current being 
directed from without inwards (of course reversed in the galvano- 
nieter circuit). Now since these strong natural eff’ects are easily 
disturbed by moistening the outer surface of the skin with 
corrosive fluids, there must always be a current in the above 
sense when the skin is brought into unequal contact with the 
leading-off electrodes, since these are not perfectly indifferent, i.c. 
the less effective, or ineffective, point becomes positive to the 
other. 

It might be expected that the normal current from the 



IV 


ELKCTROMOTIVE ACTION IN MUSCLE 


311 


iiniscles below the skill would axipear iiiiinistakably at tlu‘ moment 
at which both leadiiig-ott* points became electrically iuditVerent. 
This seemed in fact to be the case in dii Bois’ expi*riments. Init 
the P.l)., strictly speaking, was always very low, and gradually 
diminished. This last lact indicates that tlie parelectronomy 
of the subcutaneous muscles was abolished l>y the gradual 
permeation through tlie skin of the XaCl solution, so tliat we 
seem to be a ^niori justified in su^jposing that the very tirst signs 
of the normal muscle current are also due to corrosion of tlie 
natural transverse section. Hence, as Hermann (10) was lhi» 
first to point out and demonstrate directly hy corrosion witli 
silver nitrate, which perceptibly alters (darkens) tin*, snbjaeent 
muscles, tliis experiment cannot be b<dd conclusive for tlu' llu‘ory 
of the pre-existence of the muscle cniTent. “ If tlie ]»oints of 
corrosion are so ehoSeii that there is no sul»jai*t‘nt aponeurotic^ 
muscle-surlace {c.(/, tlie outermost points of the toes, iind skhi of 
back), tliere is aetually no defiection eoiTi*s))onding with tlii^ 
muscle current, but tlie circuit is as freuj of cuneiit as is ])os,sibl(‘ 
ill any circuit which contains moist conductors and nii‘tals.” If 
creosote, silver nitrate, or still ]»etter, corrosive* sublimati*. an* 
used on Hermann’s plan, instead of llic; ra]>idly clissc»]ving salt 
solution, it is really po.ssilde at a. givcai time* to d(.‘nionsirate 
eom])lete absence of cnn*ent lietwc'cn the two ])rincipal ccaitaets 
with tlie skin, wliile later on corrosion sc.*ls in, ami a wcwik 
normal current is ])n)duced. Tu iishc*.s, when*, the* skin curic*nL is 
usually less strongly devedoped than in the frog, it is gi*m*rally 
sutiicient to kc^cp them a ccnlain time in walor at the. t(*nipc*ratun^ 
of the room (Hcrmaim) to produce absence' of i*iin»‘nl. cm heading 
oh' from the inmiobilise^d uninjured animal. AVe^ have*, sliown 
above, when dcscriiaiig the parele*clroiie»mie* condilion, that it is 
po.ssilde to obtain a completely isolate-el muse-le wliicli is ahsedntcly 
curreiitlcss, and dii Bois liim.'^clf oliscrve.d tlic same* r«'pe‘ate*e|ly e>n 
the frog’.s gastrocnemius. That, tin's notwilli.stamling, he* should 
still maintain the pre-existence of iniisede*. currents, was princi]>aljy 
Ixicause, in so many other case.s, tlie* same* muscle* cxljihit.s small 
but regular dillereiices of potential in sjatc ed' cven y possible; jae- 
caution. AVe must, howeve;r, accept II erniann’s vieov t hat in .sue'Jj 
cases also the electromotive action depemls <ai t he nufihse'rved eaj- 
trance of injurious, i.c. chemically disturliing, fluids (skin-see;n;limi, 
muscle juices, etc.), unequal ri.se of ie.*mj)cia1nre^, cunlaea, or 
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pressure, which cau only be avoided by complete familiarity with 
the deleterious matters on the one hand, and the extraordinary 
sensibility of the muscle -substance on the other. Above all, 
contact with any wound in the muscle, or the fluid by which 
this is moistened, must be carefully avoided. For, as was pointed 
out Ijy du Bois-Reyiuond, tlie exj)osed fibres, dying or dead, e.g. in 
an firtiflcial cross-section, are extremely active in developing cur- 
I'ent. Tliese facts are very striking in regard to du Bois’ dicMm 
that only such matters as attack the muscle-substance chemically, 
and thereby, as he said, destroy the parelectronomic layer, develop 
electromotive action, since we are justified in assuming that the 
muscle -substance, itself does not undergo cliemical alteration. 
But it must be remembered that the exposed fibres rapidly set 
up rigor, and undergo chemical changes, which of course develop 
acids. Since, on the other hand, it is known that even very 
<lilute acids are highly injurious to the vital properties of 
muscle, it is natural to refer the curi’ent-developing property of 
the artificial cross-section to the acidifying of tlui niuscle-substance. 
How far this assumption is really justifiable must be decided later. 

The theory of pre-existence of electromotive action meets 
with special dilliculties in the uninjured, or apjiarently uninjured, 
adductor group oi‘ the frog. In the majority of cases du Bois 
found a descending (airnuit between the two ends of tendon, 
but there were also cases of complete absence of current, as 
well as of a reversed current. The cuiTcnt between upper 
end of tendon and equator (du l^ois’ “ upper current ”) was 
greater, as a rule, than that between equator and lower end of 
tmidoii (“ lower current Yet du Bois also found the opposite, 
til ere being even cases in which both ends of tendon \vere positi^’e 
to the equator. These discrepancies and confusions were, as 
Hermann points out, sulllcient in themselves to shake the par- 
electronomic theory ; but such was not the ease. On the con- 
trary, on the ground of certain results \vith the adductor muscles 
it obtained a wader extension from the presumption of a 
parelectronomic strip, develo])ed in many cases in place of 
the parelectronomic layer (11). By tins du Bois-Beymond 
designated the (rare) case in which an artificial section in the 
neighbourhood of the end of the tendon is positive, and not, as 
usual, negative, to the longitudinal section. Tt will be showui 
later that all these irregularities admit of a simple explanation ; 
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for the moment we cun only say that the niiiseles of the fro^^’s 
thigh, c.g. sartorins, may be obtained perfectly free from oniTent 
witlioiit much ditticulty (16). The proof that skeletal muscle 
can always be obtained free of ciiiTent with proper pi'ecautions 
does not, however, exhaust tlie evidence against electrouit»tive 
action in uninjured muscle. In 1874 Eugelmami (12) pointed 
out tliat the heart is a muscle peculiarly well adapted to in- 
vestigation in the normal, uninjured condition. Kxperimentally, 
iudeetl, witli every variety of lead-olf, it gives no current. It 
is, however, obvious that an artilicial section of the Iieart must 
be as negative as tluit of any other muscle : and it was with 
knowledge of this that Matteiicci constructed a liattery ol‘ ]a‘g(vms’ 
hearts with transverse sections. It is interesting relativt^ly to 
the theory of the longitudinal sectional current that (Eiigelmann, 
12) the E.M.F. between the artilic'ial transvei-se section and 
natural surface of cardiac muscle declines viny rapidly. This is 
the more striking since it has long becm known (as ]>ointed out 
by du Hois) that tlie longitudinal current of mononierous skidetal 
muscle, when once develojKHl, is singulai ly constant. Kngelmann 
found, c./y., that tlie in the sartorius in J hour fell to 

81‘1 )/, in 24 hours to 4‘:)*() y, and in 48 liours to 2 0*8 
(average of 45 experiments). Itenewing the setjtion, i,r. aj)))lic‘a.tion 
of a fr(*sh, <leeper cross-section, is usually of litt.le us(‘, holding at 
most to a sliglit augmentation of the muscle iMirrent. In l-la* 
heart the results are very dillerent. Ib*re refreshing the. t>ld 
section is suflieient to ri'store ihv KM.F. to its original vigcaii*. 
Hence it might a])]>ear as tlauigh the dev<Or>pnient of the, j»ar(*lec.- 
tronoiiiic layer could be dir(‘ctly observed in this ease. The fa,ct, 
however, is easily interprebMl, considering the analogous hf^liaviour 
of j>o/f/t/icrons drlHffl hiusrk. Two long njus(de.s, divid(Ml into jnany 
sliort segments by ttuidinous intersections, run along the iiim-r sidr? 
of the body-wall of Salaimiiidra maculata. If such a band-shajH-d 
muscle is excised, divided trausversoly tlirougb a single segimuit, 
and protected from drying, it will be fonml inlUllibly that aftci’ 
some time this injured segment alone shows sym}»U»ms of rigor, 
while the rest ixstaiu their normal aj>p'ara,nee and excitability, 
i.t\ mortification has been arrested at the ncare^i, tendij)ous ini bi - 
section. On leading off from such a muscle to the galvanoinctf^r, 
on the one side from an artificial crf*.ss-secti<aj, on the other from 
any point of tlie muscle sui face, a noi*maJ eurre nt will of course 
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appear immediately after making the artificial section. According, 
however, to the pre-existence theory, this would still be demon- 
strable if the injured segment were completely rigored, since 
there would then be an unequal lead-off from the natural 
cross-section of the next segment, as in the tendon or bones of a 
monomerous muscle. But this is not the case ; the longitudinal 
sectional current only lasts so long as a portion of the substance 
of the segment provided with an artificial cross-section is living ; 
it becomes ml when this segment is completely rigored, and only 
recovers its former proportions when a new section is made on 
the farther side of the tendinous intersection. 

Analogous relations exist iu cardiac muscle. This stands 
apart fi’om other striated muscle not only in regard to the com- 
plicated charact(ir of its fibres, which is hei*e of no imj)ortance, 
but also with reference to the much smaller dimensions of its 
morjdiological elements, which consist of minute, microscopic cells. 
Engelmann showed that the single cells of cardiac muscle proved 
themselves in dying to be perfectly separate individuals, exactly 
resembling the single constituents of polymerous muscle. The 
process of* rigor induced by section originates in the heart at 
a V(uy short distance from the wound, and therefi^re occufs more 
quickly than in normal muscles with long fibi’es, so that here, as 
in polymerous skelebil muscle, the margin between dead and 
living muscle substance is formed in the last resort by the 
natui'al surfaces, or ends, of the cells not directly injured. If, 
notwithstanding these data, the staml]ioint of the pre-existence 
theory is adopted, there is nothing for it but to assume that 
each single cell of cardiac muscle is furnislied at its ends with a 
parelectronomic layer, just as in polymerous muscle a parelec- 
trononiic layer must be assumed on eitlier side of the tendinous 
intersection. But such a conclusion will liardly be subscribed 
to, unless inevitable. It follows therefore from the reaction of 
polymerous and cardiac muscle, that both the constituents of 
the former, and tlie cell elements of the latter, gi^'e no external 
electromotive response in the uninjured state. 

Analogous experiments, undertaken by Engelmann on the 
organs composed of smooth muscle cells, yielded the same results. 
Here too, as in the heart, the E.Sf.F. sinks very rapidly between 
artificial transverse and natural longitudinal section, rising again 
wdien the section is refreshed, a reaction which may also be 
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witnessed in the adductor muscle of Anodonta. Eiicli muscle- 
cell must tlierefore be regarded as free from current in the 
uninjured state. If the longitudinal curivjit disappears (mlirely 
on injuring a polymerous muscle when the progress of rigor is 
arrested at the nearest tendinous intei-section, the question arisi‘s 
whether tliere is no means of limiting the invading prt)eess of 
mortification from the artificial cross-section in a Dwnomnvufi 
muscle, ami thus abolishing the muscle current. Tlie excisctl 
muscle cannot possibly be saved, but it is conceivable tliat if 
circulation were maintained, a muscle cut transvca’sely miglit 
heal up again. Engelmann {h\) found in fact tliat ordinary 
skeletal muscle (frogs sartorius) did become gradually (Mirrenl- 
less again after subcutaneous incisions ; if tiie artificial stM-tion 
loses its negative potential under the infiuence of normal condi- 
tions of nutrition, the natural ends of the fibres, during lifi*, 
could certainly not be the seat of electromotive adion. 

All these facts concur to show that striatcMl musdcs aic 
free from current when peifectly uninjured, and that the “ cuncuit 
of rest in muscle implies the existence of artificial cross-s(*('tions, 
mechanical, thermic, or chemical. 

Passing to the different attempts at (‘X]>la.md<ioii of <‘](rtro- 
motive action in the injured ‘testing ” muscle, it must in tla^ 
first place be remarked tliat one of the two tlieoriijs which till 
recently stood in sharp contrast must now be ri^gardcd as dis- 
proved, at least in the fojin in which it was oiiginally luo- 
]>ounded by du Jiois-Keyniond. Since llciinanns cpocli-making 
WTirk, the view’ has more and more gaineil ground, that in the 
conqdicated processes within the living snhstaiici*, chemical action 
deserves at least as much attention as the jihysical syniptmns, 
and that from any one given phenomenon il. is not pminissibh* 
to draw a yiarallol between tissue (<'.//. living muscle (a* nerve) 
and a purely yiliysical scbeina, and to treat it on this assum]>- 
tion. Yet on account of its historical intci-est, as well as in 
regard to future discussion, wc must give a bricjf ace<>unt of du 
Pois-Peymond’s “molecular theoiy”; the more so beeaiisci an 
attempt has recently been made to i-cvive il, altliougb in a 
difterent form (Pernstidn). Moreover, il. civets an ojqxu'tuiiity of 
discussing some facts that arc impoitant to the s«*qucl, witii 
regard to the distribution of current in animal C(mductoi\s. 

If a body, such as the transversely bisinled muscle, is the 
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seat of electromotive energy, the first essential is to ascertain 
its distribution of potential. How this can be effected with 
the help of a homogeneous, leading -off* circuit, ix, one which 
in itself, and by its application to the moist conductor, develops 
no differences of potential on contact with the surface of 
the electromotive conductor, has already been stfited. It 
remains to show how far conclusions may be drawn from the 
distribution of surface potential as to the internal electrical 
conditions. Starting with the consideration of a regular column 
of fluid, in the centre of wliicli, at any point of its axis, an 
cdectromotive foi^e is in action, the lines of current in the 
plane <»f any longitudinal section may be represented by the 
aeciompanying diagram (Fig. 108). 



Fui. lOS.— I)ia<<rain of (UutoiiI distribution in ii coluimi of lluld. (lto8(iHtlml.) 


if, (V/., (A) represents a small body composed of two different 
metals in contiict, tlie entire column will be traversed by lines 
of current in the direction of the outgoing arrows, which 
collectively form a serii's of planes (planes of current) lying 
one within the other. (.V)rres])oiiding with the '‘fall of potential” 
there will Ite, at each p<nnt of the path of current, a positive, or 
negative, potential, and it is easy to conceive a second system of 
lines or ])lanes if each equi-potential point on the different lines 
or curves of current (planes of current) is joined together, as 
indicated by the dotted lines. These last curves, in which the 
intensity of current diminishes iu proportiou with increasing 
resistance — as they approach the surftxce of the column — are 
known as curves of potential, or isoelectric corves^ which again 
form collectively a system of curved planes (planes of potential, 
isocledric cutting the planes of current at right angles. 
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Here, as in the regular muscle cylinder, (he lines of iuiei’seeiion 
of the isoelectric planes with the surface of the coluinii, form 
circles parallel with the ]>eriphery of the end-surfaces, the curves 
of current of meridional lines. Yet a perfectly dihuite seat 
of electromotive force cannot he fortliwith deterinined, for an 
analogous distribution of surlace potential may occur in many 
other cases, where it is at least doubtful whether electromotive 
forces are at work within tlie body at only one, or at several, or 
many places. As a matter of fact, eacli new seat of clc('tro- 
niotive action implies a dilferent system of lines of cuncnt and 
potential, a diHerent distribution of surface-potential ; but, as 
Helmholtz pointed out, seeing that in a complex oi‘ electro- 
motive forces the potential of t^ach point on the surface of tin* 
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body coiresp<ai(Is witli the sum of the potentials brcaiglit into play 
at this ])articnlar ])oint by eacli chM*t]-omotivc* fonro r(*.sj»(‘ctivoly, 
we may conceiv(.* many coinl»inatioM.s in which the same distrilai- 
tion of siiiface-])otcnlial would always prcs^ml itself. 'J'm*ning 
now to the case in which a cylindrical body exhibits a similar 
electi'omotive action to that which occurs at both (uuls of a 
muscle with ]»arallel fibres, jaovided at eitbea* end willi an 
artificial transverse sectain, we lind (amongst <»t,hers) that a 
solid (*opper cylinder with a zinc sheath cfiiTcsponds with tin* 
re(piiie<l conditions wlicn immersrMl in any cojiducting 
ejj. dilute HSO^. This, according to seheina A (Tig. lOlt;, is 
traver.scd by innumerable lines of mnnmt, whicb pass as a wlmh? 
from tlie electrically positive zinc sheath to tint ('lectrically ja*ga- 
tive eiid-snifaces of the copper, exhibiting a distrilailiori f>f surface- 
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potential analogous with that of the muscle prism. But the 
same result would ensue with two other presumptive dispositions 
of the electromotive planes. A hollow cylinder, e.g., the surface 
of which is coated with zinc, may be tilled with acid water, the 
entire apparatus beiug immersed in the same : schema B (l.c.) will 
then coiTesj>ond witli tlie distribution of potential. Lastly, if a 
hollow zinc cylinder with copper end-surfaces is examined under 
the same conditions, schema 0 will become eflective (Fig. 109). 

Which of these three schemata is actually realised in the 
mtiscle cannot 'prima. facAe be determined by experiment. In 
regard to tlie first, it must be furtlier observed that (in the sense 
of the ])re(jeding observations) the one solid cylinder may be 
replaced by any nund)er of little cylindrical or rounded bodies 
{''peripolar mdecLih'H''), each pi'ovided with positive longitudinal, 
and negati\'e transverse, sections, provided they are regularly 
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Fj<;. JIO.— St’liciiia of ]KM iiM»liir diiHihr (/>) molocnloH. (Ueriii.'iim’s Tlaiidh. i. 1.) 
PaivlectroMoinie iiiolfcnlos at natural section. 


arranged somewhat after the accompanying diagram (Fig. 110, r/). 
AVilh reference U) the real anatomical relations of tlie muscle, the 
first case, in the inoditied form last stated, coincides with the 
molecular theory ol' ilu Bois-lieymond, the second with a hypo- 
th(*sis of (.{ritiihagen, which jiostulates an electromotive opposi- 
tion between muscle- fibrils and suiTOunding nutritive fluids, 
while, finally, the third is fundamental to Hermann’s alteration 
theoiy, which ]iresumes tliat electromotive action is set up at the 
artificial transverse section. 

If any two points (»f different ])otential upon the neutral 
slientli are joined hy a deriving circuit, a branch of the current 
will flow into this circuit, correspomling with a fraduoi of the 
internal E.Ar.F., since these curi*ents, particularl}" in the imme- 
diate vicinity of the electromotive planes, undergo a large 
amount of short circuiting. Therefore, as already urged by 
Hermann, it is important in many cases to take into considera- 
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tion tliat the internal current can l»y no means ho neutralised hy 
compensation of the led-otf portion of the current. “ A muscle 
with a deriving circuit, of which llie current is compensated, 
behaves as though the circuit were non-existcnl, and the cur' 
rents completed themselves in the substance of the musi*lo." 
Du Eois-Keymond’s comprehensive physical theory of lliti lair- 
reiit in muscle (and nerve) starts from the fact that every 
particle of muscle tliat it is possible to examine, exliibits 
the same normal ditierences in potential between longitudinal 
and transverse section. Thus nothing }>rcvents us from pudur- 
ing the whole muscle and each single fibre as consisting of 
many little particles or molecules, eveiy one of wlii('h has 
the same electromotive action as the entire imisi*le twlinder. 
These may either be conceived as spheres with two negati\a‘ 
polar zones and a positive ecpiator (jieripolar molecules), or, 
as du Bois-Jleymond assumed later in vicnv of c(M‘lain facts 
to be discussed below, as — in each ])eri]>olar (‘h‘cti‘omolive 
molecule — consisting of two dipolar ])ortions, of whi<h the 
positive halves ai*e convergent (Fig. 110, 7y). Accordingly, cacli 
artificial cross-section would fall hetwecii two positive, mner 
between two negative, ]daues. For the r(‘st it is (jiiite imma- 
terial what aspect we give to the individual mol(*('ules, they may 
as well be imagined dises as spheres. Tin* ivgnbir ai rangcniciif of 
them, according to the accoiDpanying diagram (Fig. 110), is the 
sole essential. If now the whole cylindrical, or juismatic, aggre- 
gate of these same electromotive molecules is ('onccu’ved as 
suiTonuded by a thin sheath of soiia* iiidillcnait eondiieloi' fperi- 
mysiuni, sarcolemma, deiid layer at the cross-s(?ctiou), the dislrilm- 
tion of potential (it the surface will, as has Ikhmi shown, ('ori’espcuul 
tlironghont witli the real exptTiniental conditions. Wilh lla^ aid <»f 
this hypothesis it is possible ind(!e»l to gi\e u. simpb* <*\ jhniatioii 
of all phenomena of the “current of vest in the. musele, iujuc; 
jjiirticularly the fact of the liomodromous activity of (^aeli b^ist 
particle of muscle, as W(dl as the so-called “ Xeignngstrom ” in 
oldique sections. The inteipretalioii rjf ])areh;etronoiiiy, liowev<.r, 
presents difficulties which, on tlie ]>re -existence theory, ran 
only he explained by the further assumption as that 

a specific compensating layer is situated at tin? Jiatural tran.s- 
verse section, figured by du Hois- Keymond as eunsi.sting 
of parelectronomic molecules,” wlmse ]M.).sitive surfaces (uirj 
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towards the tendon, and may l>e derived from the inner half of 
the externally situated dipolar molecules. When the parelectro- 
nomic lay(3r consists of a wliole series of dipolar molecules 
arranged in columns a “ parelectronomic tract” results. Bern- 
stein ( 13 ) has recently modified du Bois’ molecular theory in 
certain essential particulars, endeavouring to give it a new basis 
as the “ eledro-clmnical molecular timry” According to him the 
living fibres must be presumed “to consist of a longitudinal series of 
molecules, aggregated into fibrils of a finite dianietei*, lying in a 
congruent fluid, from wliich they derive their nutrition (pam- 
plasma).” They are linked together by forces, “ wliich may be 
regarded as identiwil with, or akin to, chemical affinit}^’ and 
consist of a nucleus of complex chemical constitution, identical 
with ]‘fliiger’s living molecule of alliumcn. The long sides of 
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the molecular nucleus (J/), conceived as a iirism (as in Fig. Ill), 
the end-surfaces being linked togc^ther loosely by atoms of oxj^gen, 
are described by Bernstein as “ladim with oxydisable non-nitro- 
gemous groups of atoms, comparable with fine jilatinum wires, 
di})ping into an atnios])here of hydrogen.” “ The rows of mole- 
cules, bathed in nutritive fluid, constantly draw out of it the 
charges essential to metabolism.” “ If these are regarded as 
(dectro-positive in relation with the molecular nuckuis, the oxygen 
atoms on the other hand as electro-negative charges of the same, 
the (.'urrent of rest in the muscle (and nerve) results when the 
longitudinal surface is connected wdth an artificial cross-section. 
Tt may also In* assumed that on making an ai*tificial section the 
tearing apart of the chain of molecules sets free assimilated 
oxA^gen, Avhioh would l>e negative in potential to the molecular 
nucleus.” The parelectronomic condition of the ends of tendon 
would be explicable on this theory, if it is assumed “ that each such 
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series of inoleeules constantly passes over into tlie adjacent series 
by a loop-like cii'cuit, and tlnis presents no free cross-section. ' 
If a single such “molecule” or bettei-, aggregate of moleenlt's, lav 
singly em])edded in a conducting tluid, it woultl evidently ivaet 
in every particular like a 2>eripola.i‘ molecule of du Hois ; colli‘ct- 
ivcly, however, these cannot, like the latter, be conceived as sur- 
rounded by molecular currents, since the 2x>tential on all sides 
seems to l>e neutraliseil. The same objections as obtain against- 
the original molecular theory also to a gn‘at (‘xtent ap]»ly to its 
“ electro -chemical ” translation, while the excessively detaileil 
presumptions of the latter rc chemical .siriu'tun* of living siih- 
stanec must a priori give rise to much rcUcctioii. 

According to (liiiiihageifs theory, wi‘ must a.ssume an (dectro- 
motive 0])positioji between each i>rimitive fibril and the surround- 
ing nutritive fluid (sarcoi)la.sma), wherely the laflt*r repivseuts 
the i)Ositive, the fibrils the m*gative, link of the chain. The 
absence of enrrent in uninjured muscl(‘s would, on this tlieorv, 
be very simply explained by the iiiinicrsimi of tin* negali\c 
electrical fibrils in the ]M>sitive nutritive llnid. ( Jriinhagen’s 
views of the cause of electromotive action in animal tissues 
originated in experinionts witli 2*‘>*‘*»**'^ cylinders. as Iba- 

mann points out, it is dillicult to sei‘ Imw tlu'sc cxjMuiments 
api^ly to the given relatiou.s in muscle. (Iriinhagen Ibnnd, 
namely, that cylindrical, itorous bodies, during the moistening nf 
their cross-sections (end-surfaxM^s), cxhihitiMl din'm cnco uf ch^cli ical 
2 )Otential towards ])oiuts in the middle of llicir longitudinal sur- 
face, and also between asymni(jtri(*al p»»inls of the two surfaers 
ill themselves — in the .same direiXion as tin* muscle cyliudm-. 
Thi^.se diirererices (d* jioteiitial di.saj> 2 )car when tlni jjonais cyliiidco- 
is .saturated witli iluid, and is therefore, to In*, viewed as an elfcet 
of l\\o. jyt^'iat/e of ffuids thr<jngh the poi-ons suhsLance. ( Ij-liidiageii 
iiTiagine.s the relation between fibrils and .^uridunding nutritive 
fluids to be similar. 

Tlie tliird theory relative to the seat «)f (ileeti‘oiju»tiv(* af'-tiou 
is the (dirratiAtii-theory of L. Hermaun, which is in ]Hni’eet agree- 
ment with all the facts known to us. Tin's theory refers all elis tro- 
motive aetivities of living tissue to cdiemicai elianges fd ilie 
substance without regard to its molecnlar sli'ueture. With 
reference to the “resting” muscle cuiTcui, the tlu'ory ]jro(,e(fds from 
the postulate, “that dying suh.stauce i.s lu'gative to living suhslanc<i.” 
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The seat of electromotive action must accordingly be referred to 
the margin between dying and living substance (‘^ demarctition 
surface”). Hermann therefore designates the “current of rest” 
in the muscle, the “demarcation current.” Hering (14) has 
recently expounded Hermann’s principle of interpretation on very 
general considerations. The proposition that uninjured resting 
niuscle or nerve lias no current implies to him “ that such a 
tissue does not develop a current that can be led off externally, so 
long as its metabolism, i.e. the internal chemical action in all its 
parts, is equal. Every disturbance of ccpiilibrium sets up currents 
that can be led off.” Hering also emphasises the fact already 
brought forward by Hermann, that alteration of chemical action 
in any part of the living continuum may appear not merely “ in 
that the ])art concerned becomes negative to the unaltered parts, 
but also that it may become positive to the same.” Tf then the 
])art that differs chemically from the remaining substance is 
termed (relatively) alleml, must distinguish between “a 
{relatively) fodtim and a (relatively) neyativc alteration!^ to which 
must be added that “ the alteration is characterised not by altered 
chemical composition, but by altered chemical action, which may 
of course give rise to altered composition.” As has been shown 
in another section (e-.y, fatigue in muscle), Hering distinguishes 
in every living substance between the ascending alteration, the 
descending altei’ation, and the state of equilibrium. 

“Both 'up’ and 'down’ changes may occur with very 
different rapidity, according as the strength of assimilation 
('xcceds that of dissimilation, or vice verm, to a greater or 
less extent. Tf all parts of a living continuum are equi- 
potential, or if they alter with the same rapidity in an ascend- 
ing or descending direction, no current that can be led off will 
be producinl. Each variation in rapidity, or direction of 
alteration, will, however, produce a current that can be led off. 
Accordingly, we may conceive every variation in rapidity of 
the positive or negative alteration, as arranged in a series, 
so that the (|uickest ascending change formed the upper, so 
to say, pt^sitive — the (piickest descending change, the low’er, so 
to say, negative end of the series. If two portions of a living 
continuum which give different cheniicid reactions are connected 
by an external conductor, they will ewteris parihm yield a stronger 
current in proptirtion with the distance between the two leading- 
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off points in the series mentioned, and the positive current 
always flows through the external circuit from the iMiiut nearest 
the positive end of the series to that which is nearest the 
negative end. This is the lino of all vital curraifs in nern' and 
muscle, 

“ A sartorius exposed with all possible precaution, r.//. one 
that is no longer normally nourished, undergoes a slow and 
steady descending alteration, because dissimilation prei>ouderaU\s 
over assimilation ; it is slowly dying. 

“ If this descending change proceeds in every part at exactly 
the same rapidity, the most sensitive galvanometer will fail 
to detect any current. Tliis ideal case is ne\'er of t*ourse 
fully realised. But with even a moderately sensitive gah'aiio- 
nieter, no current will be detected in sucli a muscle, as was 
show*!! by du Bois-lleymond, as wadi as later observers. On 
making a cross-section in the niuscl(‘, a nu>re i’a[)id desci‘nding 
change at once appears in the muscle-substance; the ])art im- 
mediately adjacent to the section mortities. This di‘ad ])ai't 
is no longer included in the living continuum, and must be 
regarded as an inessential appendage, d'he inoi‘(‘, rapid ‘ ilown ’ 
change and mortifleation, however, proceed ifari passu along the 
iibre, as may be verified under the microscope, and after making 
a transvci'se section, tluire is always a more rajiid descending 
alteration than in the other libres. 'Hie crass-sedwu is therefore 
negative to the longitudinal surface of the lauseley 

But it is not merely by theoretical considiu’ations, in addi- 
tion to its extreme simplicity, that the Herniunn-Hering theory 
is distinguished from all others. ThertJ are also diiect cxp(ni- 
mental facts in its favour, which may l>e taken as jaovem. Among 
these, apart from all previous experinumts on the, absiiia*** of 
current in uninjured muscles, is that by whicli Ihainann tries to 
determine the question whether the development of tin* dcnnarca- 
tion current, on making an artificial cross-section, taki'S a pe*rcei>- 
tible time, or whether the mil value of the IM>. bi^tween longi- 
tudinal and transverse section is reached imnajd lately aftm* 
injury, as must necessarily be the case under tJie ])r(iSumi>tion 
of pre-existence of electromotive forces. lor tin's purposi; 
Hermann constructed a ‘‘fitir’ rheotoine, in wliicli th(i exj^ansion 
of the tendo achilles \vas torn away from the gastifxaicmiu.s l»y 
a heavy falling body, the galvanometer circuit Ixdng simul- 
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taneously closed for a short period. If this closure is ettected 
once at the moment of injury, and again after making the section, 
the deflection in the latter aise will be greater than in the former, 
from which a “j^eriod of development” of the muscle current 
may be concluded. Hermann carried out similar experiments 
with the same results on muscles with parallel fibi’es (lo). 

Tlie correctness of these theoretical presumptions as to the 
causes of animal (and vegetable) electrical currents, and the justi- 
flciition for rejecting every molecular hypothesis whatsoever, are 
attested by the autlior’s demonstration of the dired dciyendeme 
of tlie 'imiscle cumnt on local cliemiccd ehmifjes in its siibstance. If 
it is correct that in muscles and nerves, as in other animal and 
vegetable tissues also, the electrical differences of potential which 
may be demonstrated under certain conditions may always be 
traced in the last resort to the different chejiiical reactions 
between adjacent parts of the living substance, it must a priori 
be granted as possible that the resulting electromotive action can 
be neutralised again, in so far as there has not been such total 
destruction as to prevent restoration of the normal activity of 
the chemically altered substance. It is known that even excised 
muscle possesses to a certain extent the capacity of readjusting 
chemical changes In Its substance, produced by certain excitants 
(stimulants), c,g, “recovery” in “fatigued” muscle. We have 
already drawn attention to the interest of the fact that, in- 
dependent of previous excitotion, a muscle may be thrown into 
a state resembling fatigue by submitting it to the action of 
certain cliemical substtinces (“fatigue-substances”), after which, 
by wasliing these out with an indiflerent fluid, it can be restored 
to its normal excihibility (Kanke). It then becomes essential to 
investigate how far electromotive action may result from the 
contiguity of fibres which are chemically altered, but still capable 
of recovery, and fibres that are in normal chemical activity. 
Kanke’s investigations of “ chemical fatigue of muscle ” by 
salts of potash, or lactic acid, the striking effect of which 
upon tlie phenomena of polar excitation by current has alreiidy 
been discussed, appear to promise the best results. It is 
found that after brief immersion of one end of a sartorius that 
is free from current, in a dilute extract of muscle tissue, or 
highly dilute solutions of potassium salts (KXO.^, 

KCl), it becomes strongly negative towards every other point of 
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the muscle. Tlie size of the deflection was in many cases a little 
smaller than when a sartorius provided with an artiflcial cross- 
section is connected in circuit from cut surface to corresponding 
point of the upper surface. Here diminislied excitability goes 
liand in hand with negativity of muscle-substance, and just as 
this may be simply neutralised by washing out with physiological 
JfaCl solution, so too in regiird to current. A few minutes 
suffice to reduce the IM). to a mere trace, which, with longer 
washing, is also abolished, so that tlie muscle is once more — 
as at the beginning of the experiment — free from current and of 
normal excitability. The same result is obtained from the current- 
less (parelectronomic) gastrocnemius by painting the expansion 
of the tendo achilles with fluid, and the ascending current 
obtained in consequence is well developed and of the same 
order as the normal demarcation current (lb). Tins very facit, 
however, makes it the more remarkable that the “ potassium cur- 
rent should be so easily neutralised by washing out with an 
indilferent fluid, as is once more exhibited in a striking manner 
on the gastrocnemius; it suffices, after the muscle-substiince at 
the tendo achilles has become strongly negative from painting 
with dilute solution of potass-salt, to wash it for a few 
moments with 3-4 % NaCl solution, in order ^ — as with the 
galvanometer — to replace the original, curreiitless condition. 
Tills sliows that the iirejudicial eflect of the solution can only 
have extended to the extreme ends of tlie oljliqmdy inserted 
fibres. From tliese experiments tliecurrent-diiveloping ])roperties 
of every artificial cross-section of a muscle are also i?asily inlm*- 
preted, since acid potassium phos])hate is always h>rni(*.<l when 
the muscle-substance liecomes rigoi'cd. 

In opposition to the potassium currents,’' those dillerenees 
of potential which appear on treating currentless juiisch* in tlie 
same way with very dilute acid solutions (<//. lactic, acidj seciiii to 
depend on much deeper chemical changes in tbe inuscle-sub.stanccj, 
since no amount of washing will neulndise them, althoiigli tht^y 
are weaker than those pixiduced ly salts oi potasli. 

Du Bois-Eeymond laid down the principle that no nane 
delicate test of the chemical sensibility of the niiiscle-substancc, 
to any fluid am be devised than to moisten the natural cjoss- 
section of a parelectronomic muscle with the solution, and to 
observe the changes thus produced in the electrical condition of 
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the sectioiL From this point of view, the potassium salts in 
general must be regarded as distinct muscle poisons, while the 
c(jrresponding sodium combinations at the same molecular weight 
are ahnost innociums, and even possess in many cases a distinct 
power of regenerating excitability (^Ta^CO^j). In consideration of 
this last fact a fluid cannot therefore be termed indifferent for 
the muscle, wheie no percei:)tible cuiTent is developed from 
its local ap])lication. Even the physiological HaCl solution 
(0*5- 0’7 %) which, if applied for hours to the natural cross- 
section of an uninjured, currentless muscle, causes no trace 
of a demarcation current, produces, according to F. S. Locke 
(17), a visible inci'ease of excitability, as has long been known 
with regard to stronger solutions. Certainly, however, the 
current-developing properties of a solution must be taken as the 
measure <jf its injuria t.fjf/ie.ss to the muscle, and though Nasse 
takes a 0*7 % solution of XCl or KXO.j as equal to a 
0*2 -1*5 % solution of NaCl, his cojiclusion is not borne 
out by galvanometer experhnents. If the lower end of a 
ciirarised sartorius dips into even a 2 % solution of NaCl, 
no perceptible demarcation current will have appeared after 1 0 
to 20 mij lutes, or there may oven be a faint deflection in the 
oiJposite direction, in the sense of a descending current in the 
muscle, ]^ngelmann, too, found in his investigations into the 
elccIroiUDtive properties of the uninjured surface of the frog’s 
heart, that solutions of NaCI, if stronger tliaii 0*6 made 
the points in contact with them pos'itivc in regard to other points 
of the surface of the heart. Htill less deleterious than NaCl is the 
action of other neutiiil sodium salts upon the substance of the 
muscle, (\(j, Ifa^,SO^ and NaNO^, which, even in strong solutions 
(4-12 %), develop only a small amount of current, as 
compared with tlie local effects of equivalent solutions of NaCl or 
the corr(.'sponding salts of K upon the sartorius. Even alkaline 
sodium carbonate, which augments the excitability of striated 
muscle in a remarkable degree, either produces no current in 
dilute solutions, or a weak inverted current oidy, in the sense of 
positivity of the immersed end of the muscle (1 8). 

The opinion generally prevails that distilled water is rapidly 
and energetically inimical to muscle-substance, e.f/. Kuhne con- 
cludes from the fact that a irogs sartorius dipping into distilled 
water loses its excitability more quickly tliau a muscle dipping 
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for the same time into nitric acid (xvuio)^ water has ii 

quicker destructive action than the dilute acid, and du llois- 
Eeymond states tliat a gastrocnemius dipping into distilled 
water (In'" C.) was death-rigored and acid within an liour. 
Consequently one might have expected, if the devel()i)ment of 
current in a “ parelectronomic ” muscle depended only upon tlie 
destruction of a particular layer at the natural cross-section. Unit 
on moistening it with distilled water, a powerful, normal currenti 
would in a short time be aY)parent, since it is proved by (?x]»evi- 
ence that the current - developing property of a tiuid is quite 
independent of its conductivity. This is partly contradicted 
already in the experiments of du Jlois - Iveymond, since tlie 
development of current in parelectronomic muscles, on di])ping 
them into distilled water, proceeds weakly and slnggislily. The 
sartorius reacts even better. If the knee-end dips into watin*, 
an increase of volume is peiceived in it sliortly after, and it wilJ 
then regularly be found weakly |,o ]:)ointK of t ln^ no]‘nia1 

surface. After longer duration of the action of water (1^0 - 
40 minutes) tlic muscle section is imudi swelled, and doiibh* its 
former breadth; it looks very dark, and exhil)its all the e,\t(‘rnal 
signs of rigor. At the same time thi‘ partially iigor(‘(l inuschi 
shows as little electromotive action as befoi*e, or there may still 
later be weak signs of a normal demarcation current, liven after 
liours of the action of distilled water, the denimistrable IM). (»f 
the two sections of the muscle is, in syate of the niark(*d dilf(.*r- 
ences in their physical properties, relatively ijisignificant, and 
not to be compared Avith those wliich underlie the iiornial 
demarcation current between longitudinal surface and artilicdal 
cross-section (18). 

When we remember that all known methods wliici] thicjw 
the contractile substance of the muscle into rigor (h(‘ating to 
40” (>., treatment with chloroform, acids, etc.), ])i'oduce power- 
ful demarcation currents on local apjjlication, thn ahstuKre of 
electromotive action in the partially water - rigored saj torius 
is very significant, since it would appear not to harmonise, with 
a chemical theory of the muscle current. In opposition to Ibis 
it must be remembered that the condition of water - rig<jr ” 
cannot be immediately identified with the deep-s(iated chemical 
alteration of the muscle -substance, duo, to spmitauf'ous or sus- 
ttiined rigor, or to heat-rigor. This, hecanse on the one liand 
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the acidity, where it appears, by no means proceeds 2 )asmt 
with the progressive development of “ rigor,” wliile on the other 
the possibility of recovery of excitability in water-rigored muscles 
by simple dehydmtion (2 % NaCl solution) is evidence that the 
coagulation effects are of another kind than the ordinaiy forms 
of rigor. The difference between water-rigor and other forms 
of rigor is best shown by the fact that frog's muscle, in an ad- 
vanced stage of water-rigor (an hour or more), exhibits electro- 
motive action in the same sense and almost in the same degree 
as uninjured muscle. If the lower end of a vertically dependent 
sartorius dips for oO minutes into distilled water, the muscle 
will usually, as stated above, show no current, on leading off from 
tlie geometrical equator and water-rigored section, or it exhibits 
a weak inverted current. But if part of the moistened muscle 
section is warmed in water at 40^^ 0., it exhibits, on leading 
off, the same electromotive action as before ; the same is the case 
after crushing or cutting the water-rigored end. There can 
therefore be no doubt that thei*e is chemically a fundamental 
difference between the effect of the vvjor-lihi condition pro- 
duced by distilled water, and the true rir/ov-mortU of a muscle, 
the complet(j development of which seems to preclude the possi- 
bility of electromotive activity. As therefore electromotive function 
must certainly be regarded fis a pi’operty of the liviinj muscle, it 
is the more remarkable that it should in no way be bound up 
with the continuance of all vital properties. It can be shown, 
ix. that the demarcation current persists in its normal direc- 
tion and proportions where the muscle has been rendered inexcit- 
able by chloroform, ether, or amyl. Banke, who was the first to 
make these obser\'ations, ahvays exposed the whole iminjured 
frog to the vapour of the amestlietic, and examined various 
stages of the narcosis. A quicker method is to place the free 
sartorius, with an artificial cross-section, along with the leading- 
olf ideelrodes, and a w^atch-glass of ether, under a bell-jar that is 
not too small. It may easily be seen that the P.D. between 
longitudinal and artiticial transverse section does not diminish 
to any perceptible degree, and sometimes even ai)pears to l^e 
augmented, wlien all visible manifestations of excitation have 
failed in the muscle (10). 

AVhile contractility and conductivity for tlie most part seem 
to be abolished in 10-15 minutes, but little diminution 
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of the demarciitiou ciirreut cau be observed, even after liours of 
exposure to ether vapour, which is the more remarkable when it 
is considered that all the inlluences which depress excibibility 
have also a general dimiuutional effect upon tlie muscle cur- 
rent. If theu, during ether narcosis, a muscle — of which the 
excitability seems to be entirely abolished — has no less pro- 
nounced an electromotive reaction than under normal conditions, 
the presumption is that the changes in chemical activity of the 
muscle-substance, which must always be reckoned with in the 
proximity of a cut surface, persist during the ether narcosis to 
the same degree as under normal coiulitions. Another fact of 
the same signilicance is that local treatment with salts of K in 
correspondingly dilute solutions also renders the ether musc'le 
negative at the point of contact. Further, remembering tlie 
persistence of tlie normal physical properties of the narcotised 
muscle at a time when, even with the strongest exciUition, there 
is no trace of visilde change of form, it does not appear so 
surprising that a muscle, even in the deepest narcosis, should still 
be capable of electromotive response, although some*- of its 
normal vital properties may be fundamentally affected oi‘ entii’cly 
abolislied. For if it is admitted that the ‘‘ eurnuit ol‘ ivst ” owi*.s 
its origin to a partial “alteration'' in the su]>stance, it would 
follow that it may l>e expected in all those eases in wliieh tJie 
preparatiims coiKierneil have not been fundamentally distuihed in 
their normal, chemical compiosition ; and this l)oth in n*spe(‘t ol’ 
ether, and of tmgeseence of the muscle irom water, loiter ou 
we shall have to discuss other facts which indicate that (jon- 
ductivity and contractility of the musch^ are ))i'iniai*ily al)olished 
by narcosis, while local excitability peisists in the sense that 
certain chemical changes still oc<"*ur umler the inllucjice of r:heinir*al 
stimuli, which, iidcr go hand in hand with negativity ol‘ 

the pioints in question. 


II. — The Cl'krkxt of Aenux 

A complete account of the earlier theories of (ihicTih-al 
activity in muscular contraction wouhl lane Ix! out of ]jlaej' 
since, like the history of tlu3 “current of n-st” in niiiKclc, the 
subject has been thoroughly reviewed ijy du Bois-Iieyniond, 
ill Part 11. of the “ It is enough to recall 
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the fact that an electrical theory of rruiscular contraction was 
founded by Prevost upon certain observations of Ampere, as 
early as 1837, and this is of interest, inasmuch as it shows 
to what extent physiological conceptions may be influenced 
by current physical theories. Prevost convinced himself by 
microscopic investigation that the cross-striation of the fibres 
of skeletal muscle was simply the optical expression of looped 
nerve-endings lying parallel with one another, which pull in 
opposite ways at the moment when an electrical current 
traverses the entire system of loops in the same direction. In 
order to demonstrate this current, Prevost introduced a “ very 
fine non-magnetic -needle into the frog’s leg in the direction of 
tlie fibres; the point projected, and was covered witli iron- 
filings ” ; at the moment at which a vigorous contraction was 
produced by injury to the spinal cord, the iron - filings were 
Siiid to arrange themselves round tlie point of the needle, as if 
they had been jnagnetised. A similar theory was advanced by 
Wharton Jones in 1844 (du Bois, /.c*. p. 10). “Ac/cording to 
his view, which follows on with Bowman’s observations (com- 
position of muscle-filires out of ' discs ’), the muscle-fibres consist 
of discs arranged in columns, or rouleaux, connectetl by a flexible 
and elastic substance, which enable them to approximate, or 
receilo from one another. The discs, according to Wharton 
Jones, are converted by the influence of the neiwe into electro- 
jiiagnets, and their antagonistic traction produces the shortening 
of the muscle. The electro -magnets (“appareils nervo-mag- 
n(5tique8 ”) are not indeed surrounded on all sides by nerves, as 
ail iron magnet would be with copper wire; this only proves, 
however, that nature adapts itself to simpler arrangements. 
The first real advance in this department is once more owing to 
that indefatigable worker who discovered the muscle current 
almost simultaneously with du P)ois - Eeymond. C. Matteucci, 
after taking infinite x^aiiis, from 1838, to demonstrate electrical 
action during niuscular activity, and repeating inter alia the 
experiments of Prevost in ditterent forms, succeeded at last 
in discovering a fact which gave the required determination. 
On February 38, 1842, Matteucci communicated to the Paris 
Academy the account of an experiment which must be reckoned 
among the most elegant and interesting in experimental physio- 
IogJ^ This was proof of what du Bois-Eeymond afterwards 
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termed “ secondary contraction,” in whicli the leg of a frog- 
twitches vigorously when its nerve is laid upon the niiiscle of 
an excited second leg. In the same year Matteucci received 
the prize for experimentiil physiology from a Committee of the 
Academy, which included the older Beqnerel, and the renowned 
physicist concluded from the experiment, wliich was recognised 
as valid on all sides, “ that an electrical discharge must tak(^ 
place in the muscle at the moment of contraction, and finds 
its way in part through the nerves of tlie sc^cond fjog.*’ 
Matteucci had previously observed that tlie secondary contrac- 
tion was not obstructed by moist filter-paper, wliilo on tiu* ot her 
hand it was stopped by gold plates or non -conductors, la id 
between the nerve of the secondary preparation and the innsoh* 
of the primary. These results arc in com])lete .agrecnient with 
the theory iis stated. Matteucci, on his side, was cagci- to tind 
new proofs of the presumptive develo])inent of electricity in 
contraction — compared directly by Ilequerel with the str»>ki^ of 
the torpedo. As early as 1<S45, a new jmblication appeared in 
English on the “induced contiuction,” as it was now ttnaned by 
Matteucci. He had found its ap])earanee to hn indcpcjident ol‘ 
the position of the secoiidaiy nerve on the innscle of the janjjiary 
preparation; it may be laid parallel with tlu^. iibr<‘S, or acrrjss 
them, or in any direction ; the secondary contraction invariably 
follows. Matteucci cut a disc of inusclc out of tlnj b*g with a 
razor; the secondary contraction never failed, laovided the last- 
ing nerve was in contact with the ciil snifacc. lie finlh<*r 
obtained twitches of the third and fourth order ly ])lacing llu^ 
nerve of a secoml test-preparation ii]Kjn the gastrocneinins r)r the 
first, the nerve of a third prejiaration on the nniscle of the 
second, and then exciting the primary nervci. With rcgaid to 
the presumably electrical nature of the secondary twitch, 
Matteucci moistened the surface of the lirst ninsele with diilerent 
conducting and non-conducting fluids, c.r/. serum, blood, oil, and 
dilute alcohol, varnish, oil of turpeaUine, etc., in which the 
nerve of the second preparation was bfidded. In none of tlu'se 
did Matteucci find the twitch abolished, although this hapjMUjrMl 
with the thinnest plates of a firm body, <:.//. glass, talc, etc. The* 
skin of the frog, like filter-paper, was favourable to secf>nd«'iry 
contraction. Tliese last observations misled Matteucci i)i regard 
to the prevailing theory of the electri^ad origin of .sftcondaiy 
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contraction, and he believed himself to have discovered a special 
force, manifesting itself by action at a distance, which proceeds 
from the muscle at the moment of contraction ; this led him 
to give the name of induced twitch ” to the phenomenon he 
had discovered. 

Up to this point Matteucci had no knowledge of a 
discovery made by du Bois-Eeymond in 1842, in following 
up an older investigation of the Italian experimenter. As far 
back as 1888, Matteucci liad discovered that the ascending 
current in the frog (^'courant jnopre”) — as demonstrated by 
Nobili in 1827 with Schweiggers multiplier on galvanic pre- 
parations, and referred by du Bois to the current of the single 
muscle — disap])eared altogether, or was much weakened during 
tetanus (later, lie believed himself convinced of the contrary). 
Du Bois-Beymond, wlio had meaiitime formulated the “law 
of the muscle current,” went on to ask. How the muscle 
ciUTcnt behaved during iiersistent excitation ? The first com- 
munication of the weighty results of this inquiry appeared in 
1842, in a “preliminary sketch.” In this it was shown that 
the longitudinal transverse current of the gastrocnemius did not 
disappear during contraction, when the nerve was tetanised, but 
that it did diminish perceptibly in intensity. 

The capital experiment of this investigation was originally 
a.iTang(;d as follows (Fig. 112). Tlie gastrocnemius lies with 
its longitudinal and artificial (or corroded natural) transveree 
sections upon the ])ads of the leading-in dishes ; the centnil end 
of the nerve is stretched over platinum electrodes, connected with 
the tetanisiiig apparatus. The experiment invariably i-esults 
in an unmistakable diminution of the muscle current during 
tetiinus, a imjaticc variation, as seen in the backward swing 
of the needle of the multiplier, or circular magnet of the 
galvanometer. All possible objections and sources of fallacy 
were investigated by du Bois-lveymond with his usual thorough- 
ness, and he succeeded in establishing beyond doubt that a 
diminution of E.M.F. does actually accompany the state of excita- 
tion. In later experiments du Bois investigated the negative 
variation, with similar results, on the regular parallel -fibred 
muscles of the thigh, instead of the complicated gastrocnemius, 
change of form in the muscle being avoided by tension between 
two fixed points. Tlie method of compensating the “ current 
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of rest ” as introduced by dii Bois, has the distinct reeonmicndation 
that it shows the negative variation to be a deflection eontravv 
in direction to the original efl'ect, its distribution in time, whicli 
is accelerated at firet with an aperiodic magnet, becoming gratlually 
slower. On prolonging the excitation there is a slow return to 
the position of rest, which is sometimes reached during tlie closiin* 
of the circuit, in other cases only after it has luvn opmied again ; 
but the return is seldom perfect. There is usually a permanent 


fi 
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diminution of the muscle current (negative after-eflcc't;, tlu*, (](‘grc<' 
of which depends on the strength of tlie ]>rcvious excitation. 

The immediate inference as to tl>e meaning of the Imekward 
swing of the magnet during tetanus would lx.*, tliat there, was 
a inrddcnt diminution of the longitudinal current, cojitinu- 
ous throughout the period of excitation. In view, tliendoie, 
of the known properties of the physiological rheoscope, which 
reacts mainly at the rise or di.sap]»earance, or sudden variations 
in density of a current, it miglit l»e expected that the leg serving 
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to test the current would contract in consequence of the rapid 
decrease in current at the beginning of tetanus, if the ners^e 
bridged over the longitudinal and transverse sections of the excited 
muscle. On the other hand, we should hardly look for this result 
at the end of tetanus, since the muscle only returns gradually to 
its original condition. This experiment, tis tried by du Bois- 
Kcymond, yielded a very striking result, not at all in coiTespond- 
eiice with what was anticipated. The test-limb, ix., not merely 
twitched at the beginning of tetanus, but actually fell into secondary 
tetanus during the whole of the primary excitation. If tliis is im- 
perfect, so that each single twitch remains recognisable, and the 
muscle is tlien coniiected on the one hand with the galvanometer, 
find on tlie other with the physiological rheoscope, the latter 
responds l)y a secondary twitch to every primary ciontraction, while 
the magnet, in consequence of its sluggishness, swings back simply 
in the direction of the negative variation. We may, therefore, 
and indeed must suppose that even with the most complete 
fusion of the visible contractions of the primary muscle, into sus- 
tained tetanus, each impact of stimulation calls out an excessively 
short negative variation, distinct in time from that which succeeds 
it, so thfit the muscle current liuctuates, as it were, up and down 
in the rhythm of the tetaiiising stimulus, by wliicli we see that 
notwithstanding the apparently steady contraction of the muscle 
in tetanus, it really origimites in dmontinnoiis alterations of 
state, exliibited more especially in its galvanometric response 
fis above. The extraordinary superiority of the physiological 
rheoscope to all other known physical apparatus for testing 
current is obvious, find it is only quite recently that a method 
hfis been discovered which (with regard to the possilulity of 
demonstrating variations in current lasting for a short period 
only, and following in rapid succession) may be compared with 
the faithful response of the physiological rheoscope to the 
electrical fluctuations. The accompanying diagram (Fig. 113) 
gives a clear picture of the hchaAdour of the muscle current in 
tetanus as fittested from observations on secondary tetanus. 

“ If the abscissa (u, t) represents the time, on which the ampli- 
tude of the current is drawn at each second as ordinate, (c, a) 
further represents tlie constant magnitude of the muscle current 
in tlie state of rest ; for, in order merely to produce a diminutional 
eftect in the multiplier, it is indifterent whether (c, n) becomes 
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persistently smaller, as in (/>, p.g), or wliether this oceins spasiiiodio- 
ally, so that the current may sink much deeper, and even below tlie 
axis of the abscissa (which indicates reversed direction of current). 
The efiect upon the galvanometer is the same in both eases. In 
the physiological rlieoscope it is quite ditferent. The form of the 
curve (Z), 2K u) would never produce tetanus in the test-limb ; we 
are reduced to the assumption that it is the jagged curve, thongli 
with constant (unknown) depth of declinations, which really 
occurs in tetanus” (du Bois-Iieymond). Tu order to deal 
fairly with the actual circumstances, it must also be noticed 
that each individual elementary curve of variation fails, in con- 
sequence of the aftor-effect, to reach the height of the original 
ordinate, so that the base-points 
of the single curves form a 
descending staircase, as in 
Big. 113. Supported by these 
facts and hypotheses, du Bois- 
Beymond believed himself justi- 
lied in propounding a general 
theory of Matteucci's second- 
ary ('ontraction, representing it 
simply, i.r. as the ijhysiolofjical 
eflcct of the negative variation 
of the muscle current present 
in every single twitch, and only 
marked by tlie sluggishness of 

the magnet. (It is to be noted that the modern galvanometers 
with light, aperiodic magnets present no siicli diflicully, and 
the demonstration is as certain as in the ])liysiological jIkmi- 
scope). According to this view, du Bois Jield it to Ix^ a 
necessary condition for tlie appearance of the secondaiy twite! i, 
that the nerve of the secondary preparation sliould occupy a 
definite position upon the jirimary muscle. According iu his 
lii^st results, the secondary contraction only ap]>ears regularly 
“when the nerve closes the circuit between the two dissimilar 
surfaces of the muscle (longitudinal and transverse siiCtioii;.” 
Matteucci had meantime found the apj^euraiicc of tlui secondary 
contraction to be fairly independent of the jjosition oi tlie m*rvc 
upon the primary preparation, and had c\'en placed it so that 
it formed a loop round the twitching muscle. It is, in fact, very 
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easy to prove that the secondary contraction is by no means 
invariaUy due to negative variation of a pre-existing current, 
as was admitted later by du Bois-Eeymond himself, “when he in- 
vestigated the negative variation of “ parelectronomic ” muscle. 

Before pursuing this point any further we must, however, 
attiick another question, which was left in abeyance in an 
earlier connection. It was stated that appearance of secondary 
tetanus might be taken as a proof that the muscle current 
undergoes no cmitinmiis diminution during contraction, but that 
duriiig that time it is constantly varying backwards and forwards, 
altliougli these movements are not followed by the magnet, on 
account of its sluggish reaction. The rheoscopic limb of the frog, 
however, leaves us in doubt as to how nearly the summits of the 
single curves of variation approximate to the zero line (indicated 
by dots in Fig. 113) — whether they do reacli it, so that the 
current is nil at the moment of contraction — or finally exceed it, 
wliich corresponds with a reversal of current. 

l)u Bois-Eeymond himself attempted to solve the first 
question {Untermchmujcn, ii. p. 120), and with this object con- 
structed apparatus “ by which the muscle could be submitted to a 
rapid series of excitations through its nerve, moment by moment, 
in rapid succession. After each moment of excitation, the muscle 
current could be closed for a brief period, and this closure might 
follow at a given time between any two stimuli. If the muscle 
current therefore sinks between any two stimuli during tetanus 
in a normal curve, and then rises again, its deepest point will be 
readied so soon as the closure of the muscle current coincides in 
position with this point.” The problem is still better expressed 
in tlie accompanying diagram (Fig. 114). 

Let the abscissa T) represent the time, on which are 
drawn the ordinates, ix, height of the muscle current (A), so that 
the line (///, va), etc., corresponds with the line of the current 
during rest. In the equidistant moments of time (t, f), 

etc., there is always an excitation of the muscle, which re- 
sults ill a negative variation of the existing “ current of rest,” 
and its course, as will be shown, represents the curve {m, o, m), 
between each two stimuli. The tnie form of the latter is 
easily determined if the galvanometer circuit is closed between 
every two excitations, for a moment only (2), at periodically 
repeated and uniform intervals (f, f, etc.) The same 
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segment (the liatched part of the curve, Fig. 114) is therefore 
always cut out of the superhcies of a variation curve, and 
through its summation a deflection of definite proportions is 
produced. And, since the time of galvanometer closure can be 
prolonged as required over the entire interval between the two 
stimuli, the foim and magnitude of the curve of vai iation corre- 
sponding to each single stimulus are eiisily determined. The 
credit of having constructed appai-jitus that satisfied these require- 
ments belongs to Bernstein (20), whose “differential rheotome ” 
has since found an extended application in experimental physio- 
logy. The iiistrument consists essentially of a wheel (r) (Fig. 1 1 r.) 



revolving easily romul tlie central axis, winked as uiiirorniJy as 
possible (5—10 revolutions per second) by clockwork, or a siualJ 
motor. At the periphery of tlie wheel there aiv. three isolatiMl 
metal-points (according to Hermann, brushes of copper- wii e). one oi' 
which (c) forms the exciting contact, tlie other two (/, c') eifect the 
closure of the galvanometer circuit. The former slides at eacli 
revolution over a tliin extended wire, or po<jl of niereiiry, and 
thus closes the circuit {ll\ II") of the primary coil of an induction 
apparatus. The currents produced in rai>id succession in tlie 
secondary coil (make and break shock) are led into the piepa ra- 
tion, and may be regarded collectively as a momentary stimulus. 
Diametrically opposite to the exciting contacts, isolated from the 
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metal wheel, but in circuit with one another, are the two points 
(brushes) forming closure of the galvanometer, which at a certain 
point of the revolution pass through the mercury pools of two 
isolated steel cups //“), or over amalgamated copper contacts 
included in the galvanometer circuit Bo)- The pools (contacts) 
are movable, so that the duration of the simultaneous dip, 
'ie- duration of galvanometer closure (T), can be altered mthin 
a wide margin. Now, instead of extending this interval over the 
surface of the curve of variation as above, the distance of 
the time (T) from the moment of excitation (t, etc., is 
legulated in Bernstein’s instrument by altemtion of the slider 



wliieli airries tlie exciting contact. The whole arrange- 
ment of the experiuieiit resembles the diagram (Fig. IIG). 
Owing to the complicated structure of the gastrocnemius, tlic 
sartoiius is better ada];)tcid for the study of the negative variation, 
its demarcation current being compensated to start with. In 
consequence the galvanometer magnet remains at rest during 
rotation, and is only dellected when there is an alteration of the 
muscle current during the time (T). If the slitler is then 
arranged, as in Fig. 116, so that the closure of the circuit 
of the i)riniary coil occurs at the same moment at which 
the galvanometer circuit is broken by the two contacts, a 
comi)lele revolutinn occurs before the closure of the muscle 
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circuit repeats itself, and if the process of negative closure lias 
rmi out during this period, no deflection will be obtained. On 
actually working the experiment, however, we still find a 
negative deflection increasing slowly throughout the entire period 
of excitation, i.e, in the direction of the compensating current, due 
apparently to the dimiiiutional after-effect of excitation upon the 
muscle current as described. Now, if the exciting slider is 
brought more forward, so that excitation occurs while the 
galvanometer contacts are still dipping into mercury, we find 



at a particular point a smldm increment in tlie delict*, lion, wliicli 
increases rapidly in the negative direction on jaisliing on tlie 
slider, and finally reaches a maximum, after which it decrtiaKes 
again with further displacement of the slidtu’, and at last remains 
persistently lower than it was at the beginning of the excitatit)n. 
This shows that there is a nicasurahle interval betwticn the 
moment of excitation at one point of a niuiicle with jiarallel 
fibres (Bernstein always chooses the lower end ol the sartoriiis 
as being free from nerves), and the beginning of the Jiegative 
variation at the other, jnovided with an artificial cross-section ; 
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also that the negative variation in the tract of muscle led off, 
itself has a certain duration. For on pushing the slider along, the 
deflections increase to a maximum, at which they persist for some 
time ; hut if it is pushed still further forward, no adjustment 
will produce a deflection of the magnet. The slider may be 
pushed over the whole graduated circle, without any repetition of 
tlie galvanometer deflection, until it has passed back beyond its 
first position, and reaches that in which the first negative deflec- 
tion became apparent. The experiment therefore confirms the 
conclusions derived from the observation of secondary tetanus, 
to the effect that the negative variation of the muscle current 
on tetanising corresponds not to a continuous diminution of 
IM). l>etween longitudinal and cross-section, but to a discon- 
tinuous waxing and waning in the rhythm of the excitation. 
Wc see further that each single negative variation comes into 
existence more rapidly than it vanishes ; giupliically expressed, 
its curve rises steeply to a maximum, and then sinks slowly 
down again (cf. Fig, 114). If the rate of revolution of 
the rluiotome wheel, and the distance expressed in degrees 
l)etween the original position of the slider (when simultaneously 
excited and led off), and that at which the first deflection 
occurs, is known, it is easy to calculate the time (relatively 
to the length of muscle between the point of stimulation and the 
leadiug-olf contact on the longitudinal surface) required by the 
pi*oces.s of Jiegative variation, in order to transmit itself from the 
sciit of excitation to the leading-olf longitudinal contact. So too 
the diimlion of tlic negative variation may be calculated from the 
distance of the initial and final positions of the slider, and the 
revolutions of the wheel. We should expect the duration of thci 
negative variation to increase . with the distance between the 
leading-olf contacts, and this obviously corresponds with a certain 
time -interval, which inust be less in proportion as the tract 
between the electrodes is shortened. But this anticipation is 
not confirmed in experiment. The dumtion of the negative 
variation is approximately equal, whatever the distance of the con- 
victs. This, however, means that the process which effects the 
backward swing of the magnet is demonstrated by the galvano- 
meter only while it passes over the base points of the leading-off 
cii*cuit in contact with the longitudinal surface, and not beyond 
these pointe. Bernstein gives the velocity of the negative varia- 
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tion at an average of 2*927 metres per sec. Its duration 
to - 3 ^ sec. 

AVith the aid of tliis repeating iiietliod it is possible to 
decide the magnitude of tlie negative variation, and to detonnine 
whether at the moment when the curve of variation reaches 
its maximum, the ciuTent led off will sink to zero, or become 
reversed in direction. For this purpose the two mercury dishes 
are so arranged that the closure of the galvanometer circuit {T) 
is made as short as possible. Moreover, in experimenting, the 
slider must be placed in such a position that the. closure of tlie 
galvanometer coincides after each stimulus with the maximum of 
the subsequent negative variation. AVlien this is done, compensa- 
tion may be shut off, and the first deflection on the galvjinometer 
mciisured, as produced by the current in tlie non-excited muscle 
during the revolution of the rheotome wheel. Now, if the mngni- 
tude of the effect is determined tluring tetanus at tlu^ saints 
rate of revolution, it will obviously depend on the difrei’cnce in 
strength between resting ” muscle current and negafive variatitm, 
in the interval under observation. direction (.)f tlu'- efft'ct 

shows immediately which current is the strongest. Jf the current 
is reversed at the moment of the negative variation, i.c, at the tim(^ 
when it is at its maximum, the scale must turn in the. negaliv(^ 
direction. Bernstein, however, never found a negative (IeHecti(»n ; 
the eflect was always ])o.sitive, although, as wci should (‘X]j(;(*t, it 
was much weaker than the corresponding d(‘llection jjrodiUMid by 
the current in the resting miLScle. As a rule, thercfoiM*, tlai 
curve of variation does not sink to zero. 

The graphic record of these rc^sults is a great assistii.nc»/ 
towards understanding them, as was indeed anticipaL(‘d in ex- 
plaining the principle of tlie rlieotome. Let (t, (■) (fig. 117) 
be the time abscissa, also two consecutive moments ol stiimi- 
latioii, (h) the heiglit of the resting muscle. ciiiTent, (7) the time 
of the galvanometer closure, suppo.sed to l)e movalde. betwiten 
(t) and (0. If occurs in (70 there will ]»e no ]ierce|>til)le 
deflection, which first begins when the galvanometer closure occurs 
at \ from that point the negative dclieetion dcurease.s rapidly 
in magnitude with further alteration of Lla*. time ol closure, and 
finally dies out (slowly), so that a curve is jjrodiiced whieli falls 
steeply, and rises up again slowly, without, howe.ver (in the altei- 
effect), recovering its original height. Ihe dei^i^est point of this 



372 


ELECTRO-PHYSIOLOGY 


CHAP. 


curve does not usually reach the abscissa (the muscle current is 
not abolished). The length (r, m) corresponds obviously to the 
period between the moment of excitation and the instant at which 
the process of the negative variation arrives at the first leading- 
ofF electrode, while the time represented by the line (m, o) corre- 
sponds with the period of the negative variation. In order to 
conceive the true process graphically, the figures must be imagined 
one behind the other many times over. While the stimuli foUow 
at equal intervals (t, etc.), the closure period (I^ is 

always at the same distance from the corresponding moment of 
excitation; the effect on the galvanometer will then be zero. 
But if tlie closure! of the galvanometer coineides with the beginning 
of the negative variation, the same impact will be repeated at 


/ r ' r 


Fio. 117.— Schema of rlieutome experiment. (BeruHtoin.) 

each revolution, with a common effect on the magnet. This 
obviously resembles “ that of a constant current, equal in height 
to the superficial content of all parts of the curves above (T), 
divided by the time of observation.” It is possible in this way 
to construct the whole curve of variation from consecutive 
observations, and this has till now, at all events for striated 
muscle, been the sole means of determining its form and process. 
This would otherwise have been impossible without applying 
the method of summation (repetition), since even the most 
suitable instruments, r.(/. the capillary electrometer, are incapable 
of adequately demonstrating the negative variation which corre- 
sponds with a single excitation. It is easy, on an aperiodic 
galvanometer with a very free magnet, to obtain a deflection 
from the negative variation that accompanies etich single 
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twitch, but the time which such a deUcctioii occupies corre- 
sponds much less closely with the time of tlie variation of 
current, than the movement of tlie capillary electrometer 
(which for the rest is far too insensitive for the obj'ect before 
us). Nevertheless, the construction of the curve of varia- 
tion by a direct record is eminently desirable. Since it does 
not appetir possible to overcome the slug^dshness of the magnet, 
and to raise its mobility so far as to enable it to follow 
the quicker variations of the current faithfully, Hermann has 
recently tried the reverse method, by attenuating to retai'd the 
galvanic process under observation as much as possible (21). 
He accomplished this by the simple and ingmiioiis method of 
turning the two copper knobs, which efibct contact with the 
galvanometer, and are attached to an ebonite disc, in the saim^ 
direction as the wheel of the Hernstein rheotome durinsr 
its revolution, only much niore slowly. It is obvious that tlu^ 
interval between stimulus and galvanometer closure would I has 
be constantly altered, so that the whole process of the negative 
variation may be read olf at a given reduction of time u]M)n 
the galvanometer. The magnet would then follow the time- 
relations of the electrical change with complete lidelity, and 
it would only be necessary to transfm’ its niovtmients hy na^ansof 
a ray of light reflected from the mirror on to a moving siaisitivc^ 
surface, in order to obtain a true photographic r(*cord of the (Mirvii 
of variation. It is superfluous to say that the results obtained 
by this method (“ rheoUchygi’ax^hy '’) coincide with the (Mmclusions 
of the ordinary rheotcmie experiments. 

The “ variation curve ’ ther(‘fore coiresponds wit li the. 
development and time-relations of the negative variatien in a 
definite part of the muscle, i.c, the point of tlaj longitudinal 
section from which it is led off. I>ut since the <'hangcs Imida- 
mental to it, which are unecpii vocally in direct latio with the 
excitatory process, proceed with the ra])idity at wliich 

excitation is propagated from section to section, it is legitimate tr» 
inquire in what length of muscle the single jjoints are ibund alter 
excitation to be simvManeousIy at dilferent ]»hases ol nogutive 
variation. And thus we come to lleriistein’s original pi*oposition 
of the “ eo:citatury ivnxe ” in muscle. “ A niuscle lihni (J/, M ) M‘ig. 
118) is led off from its artifleial cross-section (/j) and Ironi the 
surface of the elements (d, d/,), which is hypothetically jnai ked 
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off by two cross-sections in close juxtaposition. If the fibres 
in (jp) are excited by momentary closure, the negative variation, 
after a given period, reaches the element (dj M{) at the very 
moment at wliich the first signs of the negative variation 
ajjpear in the galvanometer circuit. At the same moment, 
however, the negative variation reaches its maximum in the 
element {d, nearer to the point of excitation, while it has 
already subsided at {d, a third clement. 

If the magnitudes of the negative variation are drawn as 
ordinates over these and the intermediate elements of the muscle- 
fibre, we obkiin the curve {m, n, o), wliich represents the shite of 
electromotive change in the subjacent elements of the muscle 
fibre.” Ilernstein designates the curve (m, n, o) the ‘‘ wave of 
excitation.” It s])rcads like an undulation from the spot 


n 



excited over the muscle fibre, in eitlier direction, producing 
successively in each element of tlie fibre tlie complete process of 
the negative variation, so that the wave advances at its own 
length as long as the negative variation continues, llernstein 
calculates the length of the wave at an average of 10 mm., from 
liis observations. 

If we sum up the results of all these experiments and 
discussions vni the negative variation in a parallel-fibred muscle, 
]>rovided with an artificial cross-section, it may be concluded 
that, if one end of the muscle is excited by single induction- 
shocks, while leading off from the other, a change is initiated 
in the first segment concerned at a given interval after each 
single stimulus, which iutei*val corresponds with the distance 
lietweeu the leading-olf longitudinal contact and the point of 
excitation. The change set np gradually increases, i*eaches its 
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maximum at a certain moment, and is finally quelled again. 
These plnises are expressed in the gradual reduction of difierenee 
in electrical potential between the two leading-off contacts in 
the muscle. Since we know that tlie artificial l.rarisversc* 
section of the muscle is electrically negative towards each ])oint 
of the uninjured surface, all tliese phenomena can easily be 
explained by postulating that ihe climujc in. the mutable HnUfanee 
yropaejated from the point of iwcitalion ihvomjh the mnscle-fihres 
is amndated with negativih/ of the latter, AA^e shall subse(|uently 
find direct proof of this dictum. For tlie moinent it may be 
accepted as a hypothesis, which elucidates the foregoing observa- 
tions. Wo {issunie, therefore, that at tlie moment at wliich a 
short stimulus (momentary excitation) takes effect upon any point 
of the fibre, a chemic>al alteration is developed at the same point, 
expressed by negativity of this part of the fibre towards adjacent, 
non-excited parts. Stress must be laid on tlie fact, as attc^sUMl 
by every experiment, that this change (which must bc^ regardcMl 
as identical with the excitatory ])rocess) begins dii'ectly at the 
moment of (‘xcitation, i.e. without any pereeptihle latent period, 
rapidly reaches a maximum, and tlien declines again slowly. 
The succession of the diflerent stages of this changt‘. al; the same 
point of the fibre, whether directly or indirectly excited, may b(‘, 
representcMl in a curve, designated above the “curve of variation.’’ 
But since the process in ([uestion is not localis(‘d, but is, as a 
rule, transmitted with measurable velocity horn the. scat of 
excitation, over the entire fibre, a longer or shortej’ section ol‘ 
the muscle will always be found to be {iiwn tiff neon sly (at ditfcrcmt 
points) ill different phases of negativity. It* the. valn(‘S of thesr*. 
are erected as ordinates upon the musch; as al^scissa, tlie resulting 
curve resembles in its form the curve, of variation, and is callc.d 
the “excitatory wave.” Since the vcdocity with which tin* 
process of negativity (excitation) is transmittcfl in the musch*. 
is known, as on the other hand the time at which the excitatory 
wave is propagated its entire length — this being identical witli 
the duration of the negative variation at any ilcfinite point of tin*, 
fibre, — the length of the excitatory wave may easily b(i calculated 
from the formula s — ei = I) (duration of negative variation) x V 
(velocity). Since the two values by which tlie length of Uic 
excitatory wave are determined differ in different touscIch, and 
even in the same muscle at different tijjics, the h'.ngth of tlic 
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excitatory wave naturally varies considerably. Bernstein observed 
this, and Kiilme, to whose experiments we shall return later, 
found that the velocity, and with it the length of the excitatory 
wave, varied considerably. In the most unfavourable cases the 
former was 25 cms. per sec., in other cases, on the contrary, 
more than 2 m. This recalls tlie striking hict that the same 
muscle may propagate slow and rapid waves of contraction, and 
we are in fact in both cases concerned with the same phenomenon, 
since there is nothing to hinder the identification of “ excitatory 
wav(j ” and wave of excitation.” It only remains, therefore, 
to establish tlie relations between this latter and the “ wave of 
contraction.” The fact tliat muscular contraction. imj)lies a latent 
period, whicli, according to Bernstein, is absent in the “ excitatory 
wave,” is a imi/n evidence that the “ excitatory 
wave outruns the wave of contmetion, partially 
at least, in an excited niuacle fibre.” 

As early as 1854, indeed, Helmholtz stated 
that the negative variation, at any rate in its 
steepest part where the secondary twitch is 
excited, was the precursor of conti'action. He 
located it at the middle, v. Bezold later on 
at the beginning, of the latent period. Helm- 
holtz (22) arranged his experimejit as fol- 
lows: — The nerve A of a muscle (Fig. 119) 
connected with the writing - point of a 
myogi'aph, bridged over the longitudinal and 
transverse sections of the muscle B, the nerve of which was 



Vui. llD.—roriotl of iiegn- 
tivo variation. Helm- 
lioU/.'s oxi)m'iinent. 


excited by a brciik induction shock, so that the negative variation 
of the muscle current of B ])roduced secondary contraction in 
the muscle A. The measuralde interval between the moinent 
of exciting tlie primary preparation and the beginning of the 
secondary twitch of A was the sum of the four following time- 
values : — (i) interval between arrival of nerve excitation in A 
and beginning of contraction, i,i\ latency period of A \ (ii) 
interval corresponding with propagation of excitation in nerve 
of muscle A, from point of excitation to muscle ; (iii) interval 
between anival of excitation in B, and moment at which the 


negative variation excites nerve A ; (iv) period of conductivity 
in nerve of B. By deducting the known intervals (found by 
other experiments^, 1, 2, and 4 from the sum the reipiired 
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magnitude 3 may be calculated, and is actually see.; i.e, 
about sec. elapses between the moment of exciting the 

muscle and the moment of its most pronounced electrienl 
variation. Starting with the lengtli of tlie latent period, as 
originally assumed, at sec., the maximum of the negative 
variation coincides with the middle of the period of latent 
excitation. According to v. Bezold (23) the electrical variation 
begins, under its most favourable conditions, ininiediately after 
the moment of excitation, and therefore falls at the beainnine: 
of the latent peiiod. The estimation of the latter has been 
constantly reduced since the time of Helmholtz, and Ihirdon- 
Sanderson has recently placed it much lower than Tigerstedt, 
who reckoned it at 0*005 sec. for frog’s muscle. Acetu'ding to 
Burdon-Sanderson (24) the interval betweim excitation and the., 
first sign of change of form is only 0*0025 = 40,1 sec., and sinc.e 
he allows an equally large latent period to the negativi; variation, 
there would thus 1)0 no perceptible interval between tlu*. two 
manifestations ; whereas, according to Bernstein (/.r, p. 102), on 
the other hand, “ ciich element of the muscle libn^ c(aiii)l(iteH its 
process of negative variation before it enters into the state of 
contraction.” Since, howevei*, on the one hand, the jaeoccnri eiK'e 
of the electrical variation can be directly o]).serv^ed in slowly 
contracting muscle, r.//, heart {infru), and, on the other, it 
appears on theoretical grouiuls to the last degree inqu’oh- 
able that the excitation itself {lx. changes in the contmctile 
substance associated with negiitivity) should possess a latent 
period, the idea is confirmed that the beginning of tlui wave of 
excitation precedes the contraction wave, by however small an 
interval (cf. Engelmann, 25). This does not, of coinse, imply 
that it declines earlier in Bernstein’s sense*, or <lie,s ;iway at any 
particular point before c«)iitraction begins th(jrc, for whih* it is 
quite conceivable that a point of the muscle may be cxe.itiMl, and 
))ecome negative to adjacent resting ])oints wilhoiit being per- 
ceptibly contracted, the contrary is impossible, and every con- 
tracted part must necessarily be assumed to lie in a state of 
excitation also. In this sense, therefore, it inay he said that iln’ 
dcctr ical v:ave iUdf U a a eiqyremon of co idroriio 'it. (cf. lAto, 25). 
If, with Bernstein, we as.sume 0*015 -0 023 secs, to 1)C the 
latent period (which is not, in any ca.se, conclusive), and stait 
with the values calculated from thi.s for length, duration, and 



378 


ELECTRO-PHYSIOLOGY 


CHAP. 


velocity of the excitatory wave, then on exciting a muscle at 
any given point the excitatory wave would already, after the 
period of latent excitation, liave traversed a tract of 45—92 
mm. iji the fibres, I^efore contraction began at the seat of excita- 
tion. Moreover, the vast difference that exists, iiccording to 
llernstein, in the length of the two waves, would also come into 
consideration. Wliile the excitatory wave is about 10 mm. 
long, the wave of contraction ranges between 198 and 380 
mm. Tliis last statement, however, needs consideration when 
it is recognised tliat each contracted fibre point must be 
regarded as “excited,” and on the other Imnd admitted that 
negativity is the galvanic expression of excitation. The first 
assumption is essentially restricted by the fact tliat in all recent 
experiments the latent period is found to be much shorter than 
was formerly supposed. Moreover, F. S. Lee (l.c.) has recently, 
by means of the capillary electrometer, found considerably higher 
values for the duration of the wave of excitation than any 
previous observer, so that no doubt remains that, at least in 
fresh muscle, “ (ileetrical differences of potential, which are 
associated with contraction, are demonstrable for a much longer 
period than had previously been concluded.” This also agrees 
with thti idea that the electrical wave falls in the latent period 
of the contraction, and (as a whole) outlasts it (F. S. Lee). The 
values found by Lee for the duration of the wave of excitation 
are in fact of the same order as the duration of the contraction 
(0'0r)-0'26 secs.) 

It thus appears as though du Bois-Eeymond’s interpreta- 
tion of the secondaiy contmetion was after all the only 
adequate and possible conclusion — since it was shown that 
with each single excitation the demarcation current of a muscle 
underwent a very rapid negjxtive variation, which could be 
excited by a nerve briilging over the longitudinal and transvei'se 
section, pnwided the preparation were sufficiently excitable. 
This explanation necessarily underwent considerable modifica- 
tion when the justice of Matteucci's original contention was 
established, viz. that the appearance of the secondary contraction 
is independent of the position of the nerve on the primary 
muscle, since “ parelectronomic ” gastrocnemii, when excited from 
the nerve, were also able to excite a secondary preparation, the 
nerve (if which l)ridged the longitudinal and natural transverse 
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sections of tlie primar}^ muscle, or was merely in contact with 
the latter. It is obvious that we cannot here speak a 'pi'iori 
of a negative variation, since the current wliich should vary is 
absent, at least as regards any branch that can be led olf to the 
galvanometer. It is therefore imperative to investigate the 
galvanic effects of excihition in the uninjured, currenth'ss 
muscle. But before we enter upon the coni})licated relations 
of indirect excitation of the gastrocnemius it is advisable to 
examine the simplest case of direct excitation oi’ the cAiiTentloss 
sartorius. 

If one end of the muscle is tetanised while leading off at 
the other end from the natural cross-section and a ])oint on the 
longitudinal surface at about the middle of the muscle, a (‘urrcnt 
appears, as du Bois-Eeymond found, during excitation, in the 
direction of a negative variation, even where no trace of a 
regular muscle current had previously been i)resent, inasmuch 
as the tendon end is positive towards every ])oint of tlie longi- 
tudinal surface. We must adopt Hermann’s designation of this 
as the “action current” because, independent of the ju'csence 
or absence of a current of rest, it (*ha.racterises the active- state 
of the muscle. As a corollary to Hermann’s view, tlu^. j](‘ga.tive. 
variation of the demarcation current was cx])lained above as 
signifying that the contractile substaiKje under the electrothi 
in contact with the longitudinal surface becomes more oi- less 
negative at the instant when a wave of excibition, or “ex- 
citatory wave,” j)asses under it, when the original diffc.rcncit oi' 
potential between longitudinal and artificial transverse sciction is 
of course diminished in proportion. But it is evident that th(j 
same canon of interpretation cannot be prinui fanv a}>pli(‘-d to 
the present case of uninjured, and therefun*- euriimtless, rnnsch*. 
For if we are to assume that the normal (uids of iilmis, like all 
other parts of the muscle, take part in the excitation (and theni 
is no evidence to the contrary), they must, when tluj excihitory 
wave reaches them, become as negative as every pr<*e(*ding 
segment. Then, however, under the given condil-ions, a 
descending current directed in the muscle from longitudinal 
section to tendon could not appear during tetanisation, much 
rather would the absence of current, f)blaining b(if<a(i the 
excitation, continue also during stimulatioji. Later on, Her- 
mann’s theory will be found to give a simple solution oi this 
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apparent contradiction, while du Bois-Keymond (whose inter- 
pretation of the negative variation in the muscle current will 
be discussed below) finds himself reduced to the highly 
improbable assumption that the natural, uninjured ends of 
fibres, or parelectronomic layer of the same, take little or no 
part ill the excitatory process. 

Against this, it must be remarked in the first place that a 
tetanic action cuiTeiit in the same direction may always be 
oliserved wlien the ends of fibres are not included in the 
leading-off tnict, any two points in the longitudinal surface of 
the muscle being taken as the contacts of the leading- ofi' 



Fio. liO.— Sclieina of tJn> iliphasic action curi-eiit. (Beruatein.) 


circuit (Hermann, 27). The cause of this may be determined 
by an experiment first carried out by Bernstein (J,c. p. IGO ff.) 
with the aid of the rheotome ; it is also valuable in other 
connections. 

Li^t (tI/, 31) be a regular muscle with parallel fibres, at one 
end of which single stimuli are led in at equal intervals by the 
rheotome (Fig. 120), wliile between every two excitations there 
is a very brief closure of the galvanometer circuit at any con- 
venient moment of the pause between the excitations ; then — if 
excitation and galvanometer closure occur simultaneously — no 
result can follow, since the wave of excitation, starting from 
(P), requires a certain time to reach the nearest leading-ofi* 
point (a). But if tl;e galvanometer circuit is always closed at 
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the moment at which the beginning of the excitatory ^YaYe luis 
reached the point named, i,€. so long after each individual 
stimulus as the wave requires in order to travel over the 
distance (P, a), a perceptible deflection of the magnet may be 
expected in the sense that {a) will bo negative to the second 
led-off point (&), if it is connect that each point under tlie 
excitatory wave is negative to each point beyond it. If the 
closure of the galvanometer circuit is advanced still further in 
the same direction, so that other superficial points of the curve 
of variation are excluded, the effects must at first increase in 
the same direction, reach a maximum when the excitatory 
wave is at its acme, and finally decline to zero wlieii tlie 
entire wave of excitation has passed the point (a). Starting 
from Bernstein^s computation of 10 mm. for tlie length of the 
wave, with the two leatling-off electrodes at more than 10 nini. 
from each other, the end of the excitatory wave will have 
passed the point (a) before the first part reaches (//), and the 
same still obtains a little later, provided tlie electrodes aris 
sufficiently far apart. At a certain adjustment oJ‘ tlu‘- rheotonie 
slider, corresponding with this interval, there will thcrelbri) be 
hardly any difference in potential between (a) and {b). It is not 
till the closure of the galvanometer circuit is so delayed after eacli 
single stimulus that the first part of the excitatory w.ave has 
already reached the point (6) that there will iigaiii 1)0 any 
marked deflection, and that in a direction (HmmirkaUy ojrpmiU. 
to the earlier variation, since (h) is now negative to {a). The 
difterence in potential increases as before with further advance- 
ment of the galvanometer closure, attains a maximum, and 
finally, when the end of the excitatory wave has passed under 
(6), declines to zero. Thus, on leading-off from two symniotrical 
longitudinal points of a muscle, rliytlimically exffited (tcUinisiMl) 
by induction shocks, there is, after each single stimulus, a double 
variation, or, more properly, a diphasic currmt o/ wiion. Bcrji- 
stein, to whom we owe the discovery of this fact, named the 
current which appears while the wave of (ixcitation is ])iissing 
under the point a, and has the direction of iha lowi^r arrow 
in the muscle (Fig. 120), the nipnlivn uudaLmn, that which 
follows it in the direction of the upper arrow, the positive 
vaviiitio'ti. It is evident tliat tlie absolute magnitude of 
the deflection luoduced by the first action current should be 
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exactly parallel with that derived from the second ; but 
according to Bernstein this never is the case, the •positive hcing 
alvKtys atruiUer tlum the negative variation. Accordingly, the 
excitatory wave decreases in amplitude as it is propagated 
along the muscle - fibres ; in other words (at least in excised 
muscle), it is decremental. The double action cun*ent observed 
after each single excitation in uninjured, currentless muscle 
may be termed, after Hermann (27), the “phasic current of 
Jiction.” The first phase is directed from, the second towards 
the seat of excitation. If one of the leading -off contacts is 
applied to an artificial cross-section, the corresponding plnise will 
make its appearance. Since the galvanometer magnet is mucli 
too insensitive to respond by corresponding deflections to these 
opposite currents (which follow with extraordinary rapidity in 
tetanising exeiUition), we should anticipate that on leatbng off 
without current from two points of the longitudinal section, 
there would be no effe(Jt even during tetanus. That this is 
actually not tlie ease may be exjdained from the fact that the 
excitatory wave decreases in amplitude during its transmission 
through the muscle ; it follows directly that on leading off 
from two longitudinal points of an uninjured, currentless, 
paralhd- fibred muscle, a difference in electrical potential must 
appear between the two points, when one end is tetanised by 
an ordinary induction coil: the longitudinal contact proximal 
to the seat of excitation must always be negative to the distal 
point, sijice the latter, owing to the decrement of the excitatory 
wave, must always be less negative than {i.e. relatively 
positive to) the fijrmer. Such an action current is in fact 
present in tetanus, and has been confirmed by du Bois-Iieymond 
and Hermann. The latter found the E.M.F. of this current, 
which he descrilxid, from reasons given above, as the “ decre- 
mental action ciuTent of tetanus,’* to be of considerable pro- 
portions (0’002-0*02 Dan.) Du Bois-Iteymond originally 
believed that decremental action currents were only to be 
observed on fatigued, moribund muscle, i.e. that the excitatory 
wave only diminished in these cuses, Hermann, however, 
showed that the decrement obtains immediately after making 
the prepamtion. Since the excitatory wave becomes smaller 
in pix>portion as it is farther from the seat of excitation, the 
individual transverse sections of a muscle tetanised at one end 
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must be the less negative, the nearer they lie to the end not 
excited. Hermann gave direct proof of this by leading otf 
from a number of loops of thread, placed round a regulai* 
muscle with parallel fibres ; one end of the muscle was telanisod, 
and the E.M.F. of the action current determined between each 
pair of contacts. He found it approximately proportional 1o 
the relative distance of the loops and quite independent of their 
position.” “Each point traversed by the excitation is thus, 
during tetanus, the seat of electromotive force, lioniodroinous 
with the wave of excitation.” And thus it appears that the 
“negative variation” in its original manifestation is no iiiore 
tlian a special case of the action current in tetanus, in wliich 
the rcciiJrocal phases ensue on leading off from an artilicial 
transverse section. 

Since under normal conditions the muscle is always excited 
indirectly, 'ie. from tlie nerve, a special interest attaches to the 
investigation of the action current in uninjured niusclt^ wi::h tliis 
kind of excitation ; the more so a.s all tlui earlier expe^rimeuts on 
the negative variation were made, from motives of convenience, 
with what is intrinsically the least 8uit{il)le ol>jeet — tlu^ frog’s 
gastrocnemius tetiinised througli its nerve. The same uninjured 
muscle was also the sul>ject of the first series of exact analytical 
experiments made on the action current, with indirect itxcitation, 
and led otf from the two tendinous ends by Sigmund Mayer (1^8) 
under BernsteiiTs direction, and with his rheolome. Tla* cojnpli- 
eated manifestations observed (acMtounbid for by every ))o,ssibIt‘ 
interpretation and explanation) first iHaana^ intelligible when 
Hermann, in 1877, began to investigate the action current of regu- 
larly constructed parallel-fibred muscles, with indirect I'xcitation. 
With our present knowledge of the relatioiis b(jtwi*en nerve and 
muscle it is legitimate to assume that the excitatinn is discliaige.d 
at a definite point in every muscle-fibre, on stimnlating the nmve 
fibre belonging to it, i.e. at the nerve end-j»lat(*, which is situated 
between the contmctile substance of which it is the (•ontinuation. 
and the nerve-fibre of which it is the conducting organ. W(i shall 
presently have to examine the histological and physiologiwd relations 
ijetweeii nerve and muscle in detail ; for the uioimuit it is enough 
to say that it has been ascertained that the nervc-fihrci is connected 
with only a limited tract of the muscle-fibre or fihn^s hidonging 
ing to it, which by no means prevents the same muscle-lihre from 
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being served at different poinU by a plurality of nerve-fibres. The 
theory that has recently found much support, from J. Gerlach in 
particular, to the effect that there is no proper nerve-ending in 
muscle, since the nerve as it enters passes over the contractile 
substance in the whole extension of the muscle, ramifying every- 
where between the elements of the muscle-fibre, in the form 
of the finest varicose fibrils, must now be regarded as refuted, 
the more so since it has been shown that Gerlach’s nerve-fibrils 
are really no more than the darkly-stained (gold chloride), and 
therefore strongly -reducing, interfibrillar substance (sarcoplasm) 
of the muscle. If the excitation thus starts, with indirect stimu- 
lation, from the points of the fibre corresponding with the 
nerve-ending, it must necessarily he transplanted thence in an un- 
dulatory form on either side through the fibre. This is no mere 
theoretical conclusion, but receives direct confirmation both from 
histological investigation and from physiological experiment. -As 
regards the former, weighty evidence has recently been contributed 
by Pdttinger, Ilollett, and others to the effect that the “ fixed 
wave of contraction ” — which is easily demonstrated in the muscle- 
fibres of many insects, after proper treatment of the living tissue 
witli hardening and preserving lliiids — obtains mainly at the point 
where the nerve enters, so much so indeed that the maximum of 
contraction, i.e. tlie crest of the wave, usually falls in the centre 
(sole) of Doyer’s expansion. This, in addition to direct observation 
of . still living fibres, shows unequivocally that the entrance of 
the nerve is the starting-point of an undulatory contraction pro- 
pagated on either side through the muscle. 

The advance of the negative wave of excitation is demonstrated 
with equal precision in the galvanometer, on indirect excitation 
of the entire muscle, tims obviating the doubt expressed by du 
llois-lteymond as to tlie undulatory nature of excitation, when the 
juuscle is stimulated from its nerve. The adductor magnus of the 
Irog is in all respects a suitable prepaiution, the nerve entering 
by the centre of the muscle ; this muscle is a little more trouble- 
some to prepare than the usual gastrocnemius and sciatic nerve- 
muscle preparation, but tlic regularity and certainty of its results 
are ample compensation. We may assume from the previous 
ex})erimeiits that such a preparation, on the excitation of its 
nen^c by induction shocks, will respond exactly like the muscle 
excited directly at the nerve end-plate, in special cases, i.e., at the 
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centre. Hence it is a great advautiige to lead off, in indirect 
excitation, from the actual seat of the excitatory pr(X?.ess. If each 
nerve-ending lay exactly in the middle of the cmresponding tibre 
of the parallel-fibred muscle, a negative wave of excitation, or con- 
traction, would obviously be propagated from it in both directions 
through the muscle at the moment of excitation. Then, on lead- 
ing off from the middle and tendon end of such a muscle to the gal- 
vanometer, while single shocks were sent into tlie nerve at ecpial 
intervals by a Bernstein rheotome, a diphasic action current would 
be demonstrable, consisting of a first atterminal (abnerval),” and 
a second “ abterminal (adnerval) ” pluise. Such a response was 
actually found by Hermann in his experiments with the sartoiius 
preparation. Both halves of the muscle at first indiciited an 
atterminal current directed from the centre to eac^h tendon end, 
while a little later, ix, at the interval required by the excibitory 
wave to traverse the muscle from centre to tendon end, an abter- 
minal action current appeared, which, owing to the decrement of 
the exciting wave, was always weaker than the first current. 
On leading off from both tendon ends, we have at cacli moment 
the algebraic sum of the effects in either half; this sum of 
course = 0 in a properly symmetrical muscle, in otliers its sign 
varies with the time -interval. These experiments of Htjrmunn 
give physiological proof of the undulatory course of excibitioii in 
indirect stimulation, and we may now proceed to c.onsider the 
action current in its more complir%ited examples, with indirect 
excitation of the gastrocnemius. S. Mayer (Lo.) found first a 
descending and then an ascending actioji current, on leading 
off from both tendinous ends of this muscle, after each single 
excitation ; or, us it was then expressed — because the. first current 
was identified with the negative variation of the musfde (iori'otled 
at the achilles expansion — a variation first negative and then ])osi- 
tive appeared, a fact confirmed later by du Bois-lhiyniond with 
Bernstein’s rheotome, wliich S. Mayer had also employed, and by 
Hermann with the (non-repeating) “fall-rheotome” desc-ribed abov(i. 
If the tendo achilles was corroded, the ascending (positive) half of 
the current was absent. Holmgren moreover, by nieans 

of a liglit magnet (without rheotome), had frctjucntly ob.scrvcid, 
before Mayer, a diifiiasic Aariatioii on the gastrociumiius, as well 
as cases of simple positive, and negative variations. According to 
Hermann the gastnjcnemius may ))c rcganled, diagrammatical ly, as 
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a muscle rhombus, and it is tolerably accurate to say that the 
nerve-ending lies in the middle of each fibre (Fig. 121), But 
then it follows that all tlie points corresponding with the upper 
contacts (a, J), ie, the thick part of the muscle, must be afiected 
more, and earlier, by the waves of excitation from the nerve-endings 
(a, y8) than the lower ends of fibres, corresponding with the tendo 
achilles. Thus there will at first be a descending, and subse- 
quently a weaker ascending, current of action. “ The upper half 
of the muscle, on the contrary, should vary first in an ascending 
and then in a descending direction ; here, however, the structure 
of the muscle is essentially different; the main part of the 
current C ^Teigungstrom ') is prevented by the folds of the upper 

expansion from producing any ex- 
ternal effect, so that in the first place 
the abterminal phase of the upper 
lialf of the muscle is hardly per- 
ceptible, and in the second the upper 
tendon as a whole must be regarded 
as a lead-off from the longitudinal 
section. On leading (.)ft‘ from both 
tendons, the effects are consequently 
not very dissimilar to those with 
the lead-off* from belly and achilles 
tendon. There is thus no doubt 
that the first descending phase 
vio. 121 . shirts, not from the expansion of 

the tendo achilles, but from the 
longitudinal section, wliile the second ascending phase does 
originate at the acliilles expansion ” (Hermann). With the 
corrosion of the latter, the second phase naturally dies out, since 
the ends of fibres then become negative without it. And this of 
course applies to tetanus, in which du Bois-Keymond first observed 
the descending effect in the currentless gastrocnemius, since, 
generally speaking, only the algebraic sum of tlie opposed action 
currents can be detected. But, owing to the preponderance of 
the fii^t descending phase, the effect is actually descending. It 
is umiecessiiiy here to enter into further minutiic of electro- 
motive action in the excited gastrocnemius, since no new 
theoretical data can be expected from it. We need only 
mention that Matthias (30) has recently (by Hermann's rheo- 
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tochygiuphic ” method, as described above) published a (jmphiv 
record of the gixstrocnemius action current, which, on leading oil* 
from tlie teiido achilles and from a point proximal to the nervous 
equator, gives double-topped curves, in which tlie first descending 
phase is succeeded by a second, weaker, ascending variation, sifter 
which the magnet returns to its zero with some insigniiicant 
deflections (Fig. 122). 

This dissimilarity is apparently due to a pirtial superposition 
of the two phases ; the excitation lias not entirely passed the 
upper lead-off* before it reaches the lower. The gastrocnemius 
curve of electrical variation is even more complicated on lead- 
ing off from the centre and tendo acliilles, as in the observa- 
tions of Lee which we have frequently referred to, in which tlie 
more sluggisli galvanometer is replaced by tlie sensitive capillary 
electrometer. The rheotome method can also be applied Ihuc. 
The curve (Fig. 123, a) corre- 
sponds with a triphasic, varia- 
tion, its two negjitive sections 
being separated b}'' a double- 
topped, positive, and very steep 
. segment. The duration of the 
entire process amounts to 0*26 
sec., a value which we have 
seen to be approximately erpii- 
valent to tlie diuation c)f a 
twitch in tlie muscle. The wave of variation in the sartorius, on 
tlie other hand (when led off from the middle and end (»r the niusch*.), 
was found liy Lee to be diphaHic^ no conspicuous d(‘creiiicnt lining 
visible in the fresh, uninjured muscle, lioth sections exhibited a 
tolerably symmetrical figure (Fig. 123 , />). Tf, however, the tendon 
end of the muscle is injured ever so slightly, the first C‘ ncigative 
phase prevails, and the second may disajipcar entiicfly, as shown 
by the lower curve of the same figure. In tliis case the variation, 
which is now monophasic, does not ajqK^ar jierccjitibly shorter 
than the sum of the two earli<^r phases, which again iinplifis 
superposition of the two compf)nent.s. Tlui triphasie, wave of the 
gastrocnemius again (in progi-essive fatigue, or injury, of tin* lower 
end of tlie muscle) undergoes alteration in the sense that the middle* 
positive section disajipears, or is merely indif-ated. Foi* tin*, rest, 
the fatigue changes in the curve of electrical variation in sti ialed 
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muscle have a special interest, inasmuch as they once more 
illustrate the intimate relations (jriqyra) which exist between the 
current of action and the phenomena of contraction. According 
to Lee, the curve of the former alters in the same sense as that of 
the twitch, since on the one hand it decreases in height by the 
reduction of all its ordinates, while on the other its time-relations 
are more extended. 

We have seen that all electromotive manifestations in 


a 




Fia. 123.— Triphanic ciirvo of vnriatioii in jsistrocnenilns imisole ; b, di phasic curve of variation 
of Hartorius muscle. Above is the nornial, below the iujurcd, niusclo. (F. S. Lee.) 


isolated muscle, with direct or indirect excitation, may be easily 
explained without further hypotliesis by Hermann’s alteration 
theory, on the simple assumption that e.i'citcd fibres, Wee morihuKid 
fibres, are electro - negative to normal or resting fibres. The 
fundamental data of this theory render such a proposition 
self-evident, since in both cases there is, in Herings sense, a 
descending alteration of the living matter, so that action 
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current and rest current must alike be referred to tlie same 
CAuse, “ since both are to be regarded as the external symptom of 
a different ratio of descending change in the two parts of the 
muscle brought together in the circuit/’ Accordingly, there is 
as little essential difference between action current and rest 
current, as between excited and dying muscle-substance. Trom 
this point of view it is meaningless to ask whether the “ potassium 
current ” in muscle (as above) is, or is not, to be regarded as an 
action current. The circumstance that it appears in etherised 
muscle proves as little against the former assumption as the 
presence of the normal demarcation cuiTcnt, under tlie same con- 
ditions, against tlie latter. 

From the shxndpoint of the molecular theory, tlie electro- 
motive response of uninjured, currcntless muscle micounters great 
difficulties of interpretation, whicli can only be nii^t liy supple- 
mentary hypothesis. It is sujieriluous to enter on the detailed 
discussion of these, since they are basial on the parelect. *01101100 
theory, the invalidity of which can hardly be disjiuti^d. A brief 
exposition of the fundamental canon by which du liois-licymond 
interpreted the negative variation of the diunarcation current 
is all that is re([uired. lie derives it essentially from a diminu- 
tion of KiM.F. in tlui molecules,’' or from their rcarrangimicnt 
in a form less centrifii gaily active. Jlcrnstein’s new “ ehictro- 
cheinical theory ” also postulates a “ decrement of cliaigi*. in the 
molecules/’ from which he exidains the m'ga.tivity ol’ each jioint 
excited. ‘'If the excitatory wave is propagated to tl)(‘ ci*oss-,s(M‘tion, 
the charges of the molecules also decrease / VVIhui the 
wave reaches the cross-section it fails to produce any ciin’ont in 
the opposite direction, i.e. second ]M) 8 itive jdiase of variation, 
because the cliarges of tlic molecules arc always t-lu*. same, on 
the side towards tlie eross-sccticm.” In ordci* to explain the 
electromotive action of currcntless muscle, du I>ois-I»c.ymond is 
forced into the hypothesis tliat the ])an*leclronmni(‘ layer, or tiact, 
at the natural cross-seciion takes little* or no part in tlui negative* 
variation, while, according to Ilcnistein, the uninjured ends of 
fibres reactt like any other longitudinal points. Du ]>oi.s-]^f*ynJond 
believed that the breaking of the excitatory wave ii]»on the 
natural cross-section was the direct cause tjf jjarehictrimomy, 
since lie held that this was favourable to tlie devr*]o)>nient of tlie 
parelectroiiomic molecules. 
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From all this we may surely couclude in favour of the greater 
simplicity of Hermann’s alteration theory, the more so since, as we 
shall see in the sequel, it brings under the same comprehensive 
point of view those electromotive reactions in living tissues (gland 
currents and vegetable currents), which l)ave liitherto defied the 
molecular theory. Finally, it is elevated above the rank of an 
arbitrary hypothesis adjusted to the facts, by a series of experi- 
mental researches, which leave no doubt as to the justice of its 
fundamental conception. 

In addition to all the evidence above quoted, re “ rest current ” 
and action current in the muscle (in respect of which the alteration 
theory is luminous), a few data remain, wliich are best subjoined 
in this connection. Foremost among these is tlie electromotive 
remtioii of the fio-cxtlled idio-mvMilar contraction. We know that 
in moril)und muscle, especially in warm-blooded animals, conduc- 
tivity disappeai’s much earlier than excitability. The coniractile 
substance, as Funke expresses it, acquires more and more the 
j)roporties of a viscous mass, which tends to n^tain the local 
impression instead of propagating it. Eventually, with localised 
excitation, a merely local contraction results in the fibres, and is 
usually persistent. Hence, as it were, a fixed wave of contraction 
arises, extending over a greater or lesser section of the fibres. 
The local persistent contraction must, liowever, correspond with 
localised persistent excitation, and this again induces negativity 
towards normal points of fibres. As early as 1857, ie. ten years 
before the formulation of the alteration theory, (Jzermak gave 
proof that when the prepared nerve of a frog falls on a muscle 
with an idio-muscular swelling, so as to bridge the latter and a 
normal longitudinal iDoint, a twitch ensues, thus demonstrating a 
IM). between the swelling on the one hand and the uninjured 
surface on the other. Later investigations of Ktihne and Harless 
prove that the swelling is invariably negative towards all other 
points of fibre. 

We have observed repeatedly (Biederniann, 10) that negative 
zones may be present also in the continuity of the frog’s sartorius. 
These are due to partial persistent contraction of the otherwise 
uninjured muscle, and sometimes give rise to very powerful 
currents. It is obvious that this may simulate the effect of a 
parelectronomic layer of measurable dimensions (parelectronomic 
tract) at the uninj\ired ends of the fibre, since it is conceivable in 
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such a Cilse that superficial corrosion of the natural cross-section 
proximal to tlie tendon might not immediately develop a iioriual 
current, if the negatmty of the leading-off contact of tluj longi- 
tudinal section is equal to, or greater than, that of the artificial 
cross-section at tlie end of the muscle. Such a wave of contrai*- 
tion is easily produced at any given point of a muscle, with 
parallel fibres by the local application of veratrin solution, wliiclu 
of eoui*se, retards the decline of the excitation very considmuldy. 
Hermann obtained the Stame result by energetic cooling of the 
muscle. And lastly, if it counts as the touchstone of a tlieory 
that new facts can be predicted upon its bisis, tlie “ secondavy 
electromotive manifestations ” must be cited, to which wii sliall 
return later. 

After it had been ascertained Irom experiments on isolated 
muscles that the - state of activity is accompanied by tdectro- 
motive alterations demonstrable on the galvanometer, it became a 
desideratum to establish the same for uninjured muscle in siin, 
in man and other warm-blooded animals. Du Hois-Ifijvmond 
accordingly, with admirable ])(>rseveranee, carried out a rt*siNivch 
which is a pattern of sustained and deliberate investigation, ii* 
his attempts to discover differences of potent ial- — in the Siuise of a. 
“ resting muscle current ” — tlirough the skin of the intact frog w<*n‘ 
frustrated by the strong electroniotivity oi' the skin itself, iJiti 
experiment was no less difficult on the liuman subj(‘(;t. Ihit W(; 
need not dwell on the point, since there, now a])]K*!ns as litthi 
reason for ascribing demonstrable electi'omotive ai'tivity to hunatii 
muscles during rest, as to those of the frog (u- any otluu- animal. 
On the other hand, dii Dois-Keyinomrs attenqfis to diMiifaistiate 
c.uiTeiits that could be led off externally during v(»lnntarv cun- 
traction, or, in the language of his theory, the. mgative variation 
of the pre-existent muscle current, were ci-owiumI with sueeess. 

His classical experiment, wliieJj, when first published, created 
an enormous interest, is arranged as follows: One or moi’c fingers 
(preferably the fore.fi iigers) of eaeli liaml dip into tla; Vf^ssels of 
conducting fluid, wliicli again are conveniently eonneeted with tlu^ 
terminals of the galvanometer or iiinlti])lier (uicuii (Fig. ]2\). 
When the magnet has come to rest under the. iiiiluence of tin? 
natural (and usually insigiiificiuit) cumuit winch results fjom in- 
equalities ill the two jjoints of tlie skin from which the. current is 
led off, a sharp contraction of the inn.^eles of one arm generally 
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causes an effect in the direction of an ascending current 
in the arm, which, according to the later measurements of 
Hermann, has a very low potential (0*0014—0*0023 Dan.) 
An analogous result is obtained on leading oil from both feet. 
In order that the experiment may succeed it is essential that the 
voluntary muscular action should be as vigorous as possible. Du 
Bois-lieymond strained liis arm until “the muscles appeared as 
hard as boards, the arm shook violently, and ai'ter some seconds 
a lively sensation of warmth was experiencied.” Sometimes, as 



Fio. 124.— Du Uois' “voluntary »;xi>oriiiient.” (Du Bois-ReymoiiU.) 


proposed by Mousson, a battery was formed by the co-operation 
of several persons, a vessel of concentrated salt solution being 
placed between two, into which each person dipped a finger, and 
simultaneously stretched one arm (on the same side). All those 
galvanic manifestations were characterised by a long after-effect, 
as well as by inability to evoke secondary excitation in the 
physiological rheoscope, to which we shall return later. This fact 
in itself is in no way prejudicial to du Bois-Keymond's dictum that 
the elfect under discussion is the expression of the negative 
variation of the muscle current in the human limb. 

On the other hand, various other considerations have been 
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brought forward, wliich relate partly to the direction of the 
current observed, partly to the possibility of referring it to 
changes of temperature in the muscle, or electroinoti\'e judion 
in the skin, however originated. As regards tlie liivst i)oint, tlio 
contradiction was emphasised between the descending ctlect in 
muscular contraction of the frogs leg, and tljc ascending current 
in the arm (or foot) of the human subject. Du r>ois'.Ueyinond 
indeed found that a P.D. did exist in tlie skinless leg of the 
rabbit in the sense of a descending “ rest current,” with a coitc- 
sijonding ascending negative variation. Witli regard to Hei’inamrs 
theory as applied to tlie currents of groups of muscles, /./•. wliole 
extremities, neitiier the above objection, nor du Bois’ ])ro(»f of tlui 
corresponding variation in the leg of tlie rabbit, need detain us. 
On the other hand, in tlie commission apjioinliMl by the Baris 
Academy to impiire into du Bois-lieymonds exjuninumts on man, 
the elder Bequerel did raise an objeidion against liis inU*r- 
pretation, which we must examine more closi‘ly, since in of 
du Bois Iicymonchs objection it has subsequently been thorongbly 
substantiated. 

According to Ikupierel, voluntary tetanus oj‘ the arm })ro(iuccs 
increased secretion from the skin of the Huge)’, in eon.si'qnmice of 
which the electromotive jivoperties of tlie skin itself may nndmgo 
alteration. And when du Bois-Jh*ymond liinisell’, at Boijiunel’s 
request, dipped the foretingers of both hands into th(* leading-in 
vessels, after volniitarily contracting and ndaxing one arm, tli(*r(; 
was in fact “a weak elfeet in the same dinrtion as if the 
arm belonging to the immersed finger had l)e(‘n contracted but 
this was referred to tlie prolonged after-elfec't (sfijfru.) of the. 
supposed negative variation. Du Biois consiil(*r(‘(l (be Ibllow- 
ing experiment to be conclusive in favour of liis interjiretation. 
The band and lower i)art of the arm wa.TC eontine.d in a gnl.ta- 
percha liag, bound to the arm Ixdow the elbow, to produce 
local perspiration. The same jiarts were further bound with a 
woollen cloth. After some time the jxjrspiring arm was com- 
pared with the normal limb by the usual galvaiionaUrie nietbod, 
on wliich it appeared that the former was not, as might have 
been expected from Beqnmid's theory, iKgativi;, but, on the 
contrary, positive to the latter. Diat, iiolwithstanding, there 
was in du Bois-Beymond’s voluntary ex])criiiif*nt iiotliing inm’(j 
than the elfeet of a secretion current, was first ascr;rtainerl at a 
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iiiuch later period by Hermann, to whom we are indebted for 
the first proof of true galvanic muscular effects produced in the 
living human subject Ijy the current of action. In supplementing 
his investigations on tlie action current in frog muscles, Hermann 
endeavoured in the first place to demonstrate on a single con- 
venient group of muscles the anticipated decremental current of 
action in tetanus. For this purpose he selected the forearm, 
leading off from the thick part of the flesh, and from the prox- 
imity of the wrist, by appropriate electrodes. These electrodes 
consisted of tliick ropes, saturated with ZnSO^, looped round the 
])arts of the arm as above. Yet the expected (descending) current 
failed to appear here, as in corresponding experiments on tlie 
tJiigh ; only small and irregular deflections were visible. It 
thus seemed cpiestionable whetlier, under the conditions described, 
tliere was any development of a decremental action current in 
human muscle during voluntary excitation. Hermann in con- 
sequence applied himself, with 
far greater result, to the task of 
investigating the phasic action 
current under the same condi- 
tions, but witli artificial excita- 
tion from the nerve; (27). As 
was stilted above, a diphasic 
current may be demonstrated by 
means of tlie rheotoine method, 
between every two points of an 
uiiinjuied muscle, directly or in- 
directly excited, the first j)hase l)eing abiierval, tlie second adner- 
val, in direction. In consequence of ih(» decrement of the ex- 
citatory Wiivc in excised muscle, the second phase is distinctly 
weaker than the first. The arrangement of the experiment is 
shown in Fig. 125, after Hermann. 

The stimuli must be so strong that vigorous twitches ensue 
in the muscles of tlie forearm. The results, which consisted in 
the appearaiu;e of a diphasic action current, at first descending 
(attermilial), and subsetpiently ascending (abterminal), were so 
regular that Hermann was able to denote this experiment as one 
of the most certain in electro-physiology, “giving, without ex- 
ception, better and more extensive results in man than in the 
frog.” The same results wore obtained on leading off from the 




Fn!. VJ.'i. — l)i])lia,sic action cunvnt in tlu 
Iiuniiin fcmwirni. On tlin rij5ht, un nn 
lH.)liirisnble roiM* olcctHHic, 



IV 


ELECTROMOTIVE ACTION IN MUSCLE 




upper muscles of the forearm also, as described in Fig. 125, -i.r, 
once more, in the direction of the arrows, lii’st an attevminal (this 
time ascending), and then an abtenninal (descemling), pliase o[' 
the action current. 

The “nervous equator,” Lc. that section of the muscle “in 
which would fall the common centre of gravity of all tlie nevxe- 
endings, if these last have a certain uniform equilibrium,” 
lies, in the human forearm, pretty close to th(» elbow. T/tr 
ap27roximate equality of hath phaneti is remarkable, from \vhicli 
it may be concluded “that a decrement of the c.ceiiatory n-mr dtte^ 
uot exist in the wtae;t muscle icith nonnal circulation,'^ ami this at 
once explains why the action current fails to ap])i‘ar with any 
certainty on tetanising without the rheotome. Hence tlu* ascmid- 
ing current observed by du Bois-lh‘ymond in voluntary inmu'va- 
tion of the arm and leg is no current of action from the muscle. 
That it is a “secretion current” caused l)y the activity o\' thi^ 
skin-glands in the sense of Becpierers original prcMnn))lion, 
follows directly from the exjieriments (d Hermann and Lm'h- 
singer, to be discussed below. The results obtaiiuMl by du Hols- 
lieymond on leading oh* simultaneously from a ]K‘rs|iiring and a 
dry hand, upon which the forimu* shows a d(*scending current, 
cannot b(^ recognised as a valid abjection, sinc(‘, tlu^y dcjamd n(»l 
so much upon the secndioii ])re.sent as uj>on tlu*. .sccrettfry pmrrss 
caused by excitation of the nerv(*. Like, Bernstein’s exp(*iinjeri(s 
on the negative variation, or current of action, in frog’s muscle, 
the experiments of Hermann on tJie. human Ibrcarm give tin; 
requisite opportunity for determining the velocity of excitation 
in normal human muscle. Its most ])ro])ahle value, is Id Id 
m. per sec. 

Matthias (dO) has recently published a gra])hic record of llui 
action current in the liuman forearni, ublainc(i by Hermann's 
“ rheotachygraphie ” method. 

Smooth muscles, owing to the mucli slowm* period of all <;xj:ita- 
tion phenomena, are in many respects mon*. suited to the inv<*stig}e 
tion of the action current than striatc<l muscles, wliich have liitliertf) 
been almost exclusively investigated. It is evident that whej'(* 
the wave of contraction is as proloiigc<l as, c.y., in tin* ial7bit s 
ureter, the pha.sic action current will be <lircetly demojjstrablf^ in 
a sensitive galvanomeUT without applying to the repeating 
method. In the last resort, however, the number of objects 
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which cian be used is unfortunately limited, chiefly because a 
locally discharged excitation remains localised in most smooth 
muscular organs, and is not propagated farther. Cardiac muscle, 
on the other hand, the physiological properties of which entitle it 
to some extent to a middle place between striated muscle and 
smooth muscle -cells, presents an object peculiarly appropriate 
to the investigation of galvanic phenomena. As early m 1855 
Kdlliker and H. Miiller (31) observed the negative variation on 
spontiineous contraction of a frog’s heart provided with an 
artificial cross-section, by means of the multiplier; they soon 
discovered that secondary contraction may also be obtained 
from the same preparation, if the nerve of a rheoscopic limb is 
properly bridged across tlie longitudinal and transverse sections. 
FaicIi systole is followed by a twitch in the leg, occurring after 
the auricular, and almost imperceptibly before the ventricular, 
systole. “ Tlie twitch took effect sometimes in the lower part of 
the leg, sometimes at the tarsus and toes, and was visible through- 
out as a single transitory contraction” (/.c. p. 99). 

Tt was presently found that the same experiment produced 
results in the int{ict heart also, even wlieu the secoiidaiy nerve 
was laid transversely across the middle of the anterior surface of 
the ventricle. The surface of the uninjured heart being iso- 
electric (as was shown above), this last observation on currcntless 
cardiac muscle shows once more tliat the interpreti>.tion of 
secondary contraction as a consequence of negative variation, as 
given l)y du Hois, is not justified, but that the electromotive effects 
(current of action) associated with the activity of the muscle 
must liave acted as a discharging stimulus to tlie nerve lying 
upon it. The facts discovered by Ktilliker and Muller were 
subsc(iuently confirmed and extended by ^leissuer and Cohn 
(32). Donders (33) repented the experiment on secondaiy 
excitation froni the heart with the aid of the gi'aphic method. 
He recorded simultaneously in dog and rabbit the heart-beats 
and the contractions of a frog’s leg, the nerve of which rested on 
the heai*t. As a rule each systole discharged a simple twitch in 
the leg. Donders found, like Kolliker and Muller before liim, 
that the simple systole was invariably followed by a secondary 
double contraction. It was alwaj's possible to demonstrate that 
tJic m^oiulan/ twitch appeared earlier than the primary heart am- 
traction (about sec. in rabbit). In a recently killed dog, whose 



IV ELECTKOMOTIVE ACTIOJf IN MUSCLE 307 

right ventricle was still beating feebly, the tiine-dilierenee was 

sec. The same was demonstrated again by Nutd on the frog’s 
heart. On the dog he was able, by the physiological rheoscope, 
to demonstrate that the contraction of the auricle is accompanied 
by as marked an electromotive variation as that of the ventrude, 
and that the time -difference between the two electromotive 
processes corresponds entirely with the contraction of the two 
cardiac sections. 

In order to ascertain more exactly the time-relations and 
form of the electromotive variation (the “excitatory wave”) 
which accompanies activity in cardiac muscle, experiments weie 
undertaken almost at the siiine time by Engclmann ( 1 ^ 4 ) and 
Marchand (35) on the frog’s heart, witli Bernstein’s rheotome. 
The ventricle, which had been quieted by the imnoval of the 
auricle, was stimulated either at its base or apex b}' a single 
induction shock ; whatever the situation of the lead-oil* from the 
surface of the ventricle, or the alterations in its length, and 
distance from the point of stimulation, the first effect was invari- 
ably a current directed in the heart away Irom tlie seat of 
excitation. The rheotome is indeed superlhnjus in tliis (connec- 
tion. The galvanometer circuit may be permanently c1os(mI ; with 
a sufficient length of ti*act led (jff, and moderate sensitivity ol* 
galvanometer, the first effect of tlie stimulus in (‘very case is a 
deflection ol' the scale in the given direction. Acciordingly, each 
portion of the ventricular muscle must, during excitation, l)e.c(»me 
temporarily electromotive in a negative directi(jn, wliic-h nega- 
tivity (as also contraction, according to Eng(dmann) is j)ropagat(M| 
from the seat of excitation, whiirever this is situat(‘d, in all 
directions through the ventrich?. With the rheotome, it may 
further be shown that on leading off from the extmnal surra(‘,(* of 
the ventricle by two points that give no cinrent dui ing )t!st, and 
are at unequal distances from the seat of excitation, tlai (dectro- 
motive response of the heart ( 3 (aTesj> 0 Jids as a rule with that ol 
normal, striated, parallel-til )r(‘.d niuscJ*; led olf fioin two longi- 
tudinal surfaces ; a diphasic variation usually mak(;s its apjH;a) - 
ance, and that of such a kind that tin; point ncan'st to the seat 
of excitation is at first negative, and tlien ]>ositive, to tluj more 
distant point (Fig. 126). 

In an equal numher of cases, Jiowevi'r, tlu* Hc^cond r|>o,sitiv(;; 
phase is wanting, and citlau the initial states of indilfcrmiee 
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of the heart-muscle. It is evident that these facts coincide with 
Hermann’s theory, according to which a point of the muscle must 
remain negative as long as the excitatory (or contraction) 
process continues. Accordingly, we should expect the surface 
of the ventricle to Ije isoelectric during the period of systolic 
a contraction, as actually appears from the experi- 
ments of Burdon-Sanderson and Page. 

If, in the accompanying Fig. 127, (ft, x) is the 
spot excited, (F) and (m) tlie two points of the 
ventricle led off, there wiU follow on each excita- 
tion a lapid electrical variation (lasting only a few 
rJo direction of a current from the 
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Fio. 127. -If, Ih rHpiomMitHtitm of the electriiuil vuriiitioii in an ni-titicial cJirilJac 

ouutractioii (Jluiihm-Sandersoii luul Ciijje). The roiitinuouH line tu)rreHponds to the pitwenH 
of ni*Kfdivity at the ele<>tn>ile nisireHt the seat of excitation. The dotte«l curve, on the 
iitrary, gives the negativity at tin? inoi*c rt'iiude contact. Tlio middle line marks tlie time 
in sec. (/’iV) tairrcsj)' .la with the ncgjitive, (17’) with the positive variation on 
Jlcriisrclirs rhitdonic. 




seat t)f excitation, succeeded by a longer period (1 — 2''), during 
which no curi'cnt is indicated by the galvanometer; this is followed 
by an opposite phase of detlcction (])Ositive variation) which is 
much weaker and more prolonged than the initial “ negative ” 
variation. The interval se]>arating the two phases corresponds 
exactly with the duration of the ventricular contraction, so 
that the one (negative) jdiase of the action current marks 
the l>eginiiing, the other (positive) the end of the excitation 
(contraction) of the muscle. The first phase of the action 
current ohvion.'^ly corresponds with the very short period during 
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which the wave of negativity is already at the leadiiig-olV coutai‘1/ 
nearest the seat of excitation, but has not yet readied the move 
remote contact. The subsequent stiige of no current (and apparent 
rest) corresponds with the period tluring whieli both points led 
off are at the maximum of negativity (t‘xcitation). Tlie positive 
pliase at the end corresponds with the moment at wliidi nega> 
tivity is already diminishing at the leading-off contad m‘xt tlu' 
seat of excitation, but still obtains unimpaired at the furtlun* 
contact. 

Fig. 127, ?>, is a graphic record of the time-relations of the 
excitatory wave in the ventricle of the frog's lieart. Easy as it 



Ji'b *. — hj C{ii»ill:iry (Kri'ilfric(|.) 


is with the hiodern, sensitive galvanometcj* to <lcmoiistjitte Ihi* 
IM). due to s]»ontancous, or artificially induced, rhytlimiial 
activity of the heart, another method that has Im-cu mndj used of 
late, is still more advantageous ; this is Hk^ rrrinl/an/ dnJ.rayietxr. 
This instrument, invented long ago Iiy Lij)[)man, hut tij'st usr*j| 
by physiologists at a much later period, consists essentially of a 
glass tube, drawn out into a fine capillary (Kig. I2H, a mid //, A), 
the open end of which dips into a vessel (//) filled with <liliite 
sulphuric acid. The behaviour of thii meniscus in the ca]>illary 
tube is observed with tJie microscope. If cnrnmt enters the, 
capillary in one or the otlier direction, tlui suifacc* jiolai isation 
will produce a change in the constant of (‘apillarity, with a 
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corresponding displacement of the mercury meniscus. The 
quicksilver in tlio capillary responds even to excessively rapid 
variations of the current; but the instrument seems more 
especially appropriate to experiments on the cardiac action 
current. 

Marcy (37) was tlie first to use this instrument in determin- 
ing the electrical idienomena concomitant with the cardiac systole. 
He found that on leading off from the ventricle of the frog or 
any other animal, the electrometer gave a single oscillation at 
eacli systole. If the entire heart is connected with it, two 
oscillations can be observed in the column of mercury. The one 
is referred l^y Marey to the auricular, the otli.er to the ventri- 





Fm. I l'liol^)nnii>hiL* m’niil (ifmitliac ui’tioii lii tlu* Fniji’s ln*urt ; by in tliu heart f>t 

Tt»rtuiso, Tiiiie'iiKirkiiiK in si'coinls. (Mui-ey.) 


cular systele. Marey also succeeded in fixing these movements 
by photognqdiing the image of the mercury meniscus upon a 
veiy sensitive ])late moving at uniform speed. He concluded 
from tliese experiments that there is at each systole only a 
simyk variation of current (Fig. 129, a and h). Ihirdon- 
Sandei-son and Fage emph»yed this method as a means of con- 
trolling and comjdetiug their rheotome experiments. There 
ap]>ears to be a fundamental coincidence between the “theoretical ” 
curve (constructed from rheotome experiments) of the valuations 
in tlu* hx»gs heart excited at one point of the ventricle, and that 
projected on to sensitive ])aper by the mercury column of the 
capillary electrometer. This appears directly from coni]»arison 
of the two Figs. 172, ?), and 130. e. It maybe seen on the 
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photogram that the first “phasic action cuiTent'' follows the 
excitation at a short interval, the apex being for an inlinitesiinal 
period, and very rapidly, positive to the base of the ventricle, 
after which there is a longer interval, in which the electrometer 
shows no deflection; then follows immediately the somewhtit 
longer second (positive) phase of the action current, when the 
apex is negative to the base. On injuring the ventriele at one 


a 



Tii;. C;0. ", Kfonl nf rurri'iil in Hm; Fiuk’h iM’url, witli urlilirml rxritJiljrni (as 

ill Fi;:. I’iT, "). Tli*‘ jjitiTnijitiohs r»f tlie ‘lurk liii« mark Ha* «>r ( xiMlatiun. /<, IMiolo- 

t;ra]»liic rncopi of ciirrenl afUT iiijuiin;; lln’ ajHrx of llir Tlia vurijilloii 

nioiiopliuhic. (niipkiii-SBiahTsoii and Pag**,) 

of llie two leading-off contacts, one phase, of course disa]>p<i}irK, 
and the variation Ijccomes purely m^gative, i>. moMo[iluisi(* (Fig. 
IMO, i). Similar tracings of the sjMUitaueou.sly bcJiting heart 
have been photograplied by other investigators, r.jf. big. 

A. D. AValler, — wdiich at first sight differs from the rijsults (if 
Sanderson and Tagc, luit coincides cs.scuitially with them. Hi*re 
wc have a simultaneous record of the contraction curve (//, h), 
and the effect f) produced on the capillary elt^ctrom<d(5r by iha 
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c\irreut of action in the spontaneously beating frog’s ventricle. As 
may be seen, the first phase of the action current begins percep- 
tibly earlier than the contraction ; the negativity of the fonner 
(depression of tlie meniscus), corresponding with the maximum 
IML between base and apex, is reached long before the maxi- 
mum of contraction, upon which a reversed current ensues as the 
secmid plaise, when apex becomes negative to base. In Fig. 131, 
(/) is the time in sec. The capillary electrometer is so 
connected with the base and apex of the ventricle, that the effect 
is downwards, when base is negative to apex. 

Cardijic response in tlie tortoise, and, as shown by A. D. 
Waller and lleid (39), in warm-blooded (mammalian) animals, is 



13J. (.*iirv« ol'coulr.u’tMUi (/Ouiul i'Um*ut (» ) of siKJiitancously bfiiting 

heart. (A. I). >Yullt'r.) 


also analogous with that of the frog. With artificial excitation 
of the excised and already <inie.seent ventricle, the proximal 
electrode is found to be at first in.^gative, and immediately after 
positive, to the distal clcctiode, and a diphasic, variation is thus 
produced, in conse<[uence ol the two phasic action currents, 
similar in all respects to that of the frog’s heart. Owing, 
however, to the much greater velocity of e.xcitatioii in the 
heart of warm-blooded animals, and the abbreviated period 
ol' contraction, the two phases merge into each other, as in 
striated .skeletal mn.scle. Fig. 132, which is a photogram of the 
movements of the capillary clechoineter with a normally heating 
and ai tificially excited mammalian heart, show.s plainly that each 
phase corresponds with a siiiqtk variation, in the sense of a single 
excitatory wave. The capillary electrometer also shows a normal 




ELECTROMOTIVE ACTION IN MUSCLE 


405 



Tff 


diphasic variation, during spontaneous activity of tlic inauiinaliau 
heart, when led off from two points of the 
ventricle (base and apexb But while in 
this ease the base is at Jirst alinufs ncffatiir 
ill the frog’s liefirt, corresponding with the 
invariable direction of the excitatory, or 
contraction, wave from l)ase to apex — in 
the mammalian heart (although this is 
generally the case, as ap])ear.s from tin; 
recent experiments ol‘ Bayliss and Starling, 

40) there are obvious exceptions, in wliicli, 
by reversal, either the apex becomes nega- 
tive earlier than tlie base (wliicli Waller, 

/.r., holds to be normal), or then* is 
only a monophasic variation. In this 
last case there has usually Ijcen som(.‘ ^ 
injury to one of the points led off, by 
lesion, etc. Bayliss and Starling (/./•.) 
find that it is possible liy uiKMjual warm- 
ing, or cooling, of the ventrii'le in tlie 
spontaneously beating dog s heart, to reverse 
th(* clir(.‘ction of the two phasie action 
currents. It is (‘ven sullieient to warm 
or cool the inspired air. 

By means of the cajallary (dc*ctrometer 
it is ])os.sible to show the phasic action 
enrrent of the heart in tlie uninjured ]K)dy 
of an animal, or man, either by pirshing 
two tine needle electrodes Ihrougb the 
breast- wall into the ventricb,*, amd con- 
necting these willi the electrmncter, or l>y 
leading off from dilferent poiiils of llic 
body-surface (41). In this case a l(.*ad'on‘ 
from the month is Cijiiivalent to Icadiijg 
oiV from the base of the. ventricle — a 
lead-olV from tin* re(-tum, or from a ]jos- 
ItU'ior extremity, to leading ojf fr<.jm the 
apex. In addition, the following eomla’iia- 
tions Were found ton luan) to be fa\ourabb' foj- Icuding-oit (r\. 
Figs. and l:;4;:-— 



Ilf cidtimiL iit iiiiiiii' 

iiialiHii lii-arl, invest 
with 1)je i rijtillai V elu tpj- 
ii i-t''!. L iS|Kjnt-:ineuHri Ih.rL 
of the henri. ; t)i‘* IWmI jfha-^e, 
(•(.ji'.-sjviJjiis l'» iie^nttivjty f»f 
to Oise, Ihe seerjijii If, 

the J evejse ue|,i«/ji. 2. Afl.e|' 
injury to ttjM-.v of vi ntriu|»;. 
;s. Atl'-i inj'oy to huso of 
Ventl ieje. 4. KNUil .’lli*.tli 
eltecl^ W'jtli aitltii'i.'il evr;i1rt- 
twin »»f apf'X. Tf, K:ieil;ttion 
eM-*-!..-, wdli arlilieial eveila. 
r,t tjU'e. (A. f>. W’ullej,; 





Fii:. Srhi'iim of tho distribution of iK>tontial (Hnt>s of ourreiil iliffiisioii) niisiiij; fruia llu 
:w!tion fiirrent in tlio lumian ht?arf. (A. I». Wuller.) 
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Left liaiid ami liaiul, 

Kight hand and left foot. 

Mouth and left hand. [ Fig. 134 . 
Mouth and right foot. j 

Mouth and left f<w)t. 1 



l’’]';. loK— Si’lieiiia <’l’ uF crausfU l»y iJh* (:iii'4i:ir imM i'lii rnriiMit nt Iln* Iffuly- 

siirfacf in Man, aiul in the Cal, Th« »Inik jrfirln witli the h’jnl-Mfl fnaii the 

Oi*' Ji;'hli T witli tlic from the Uase. (A. IJ, Waller.) 

The iinfavouiable eoinhiimtions were : 

T.eft. hand ami l(*ft 
Left liand and right hx.t 
lliglit foot and left hujid. 

Mouth and right hand. 


ThefjC facts may V>e rxjdaimMl hy the distribution c»l' the lines 
uf omrent, or potenliul, in the body (eonesjiomling with the action 
currents of tlie lieart). Jn mammals the aj»proximate]y median 
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position of tlie heart obviates this striking asymiiietry in the 
distribution of differences of potential, which is due to the activity 
of the cardiac muscle. These experiments also yield di- or even 
tri])hasic effects (Fig. 135), and according to Waller's earlier 
ol)servations, the apex of the heart is invariably negative at first, 
corresponding with a Ijasal direction of the wave of excitation. 

Owing to the extraoidinary sensitivity of the capillary 
electrometer, and its very rapid reaction, it gives us a direct 
reading of the action current of striated skeletal muscle, when 
teUinised. If the capillary electrometer is connected with the 
secondary coil of an induction apparatus, each interruption or 
closure of the primary circuit produces a visible movement of the 
menis(*us in the capillary (witli a proper adjustment of the coil). 



1 •M^Si 1 1 1 1 1 1 1 fl 1 ill I if* 1 ii'iiriMi in //■ i*\nii4l j*«i t*. K. .. . .A I'i 


AVith Xeefs vibrating haJiinu'r, tlie single oscillations fuse into a 
gray margin, which with reduced strength of current seems to 
l>lot out the sharp image of tlie mercury meniscus, and with 
incroaseil current rises above it in measurable proportions. On 
a]>plying a battery current with correspondingly rapid interrup- 
tions, and imifAa-m direction, the meniscus exhibits a total 
shifting in tlie direction of tlu* curreiU. TJiis, like the oscilla- 
tions, is smaller in proportion as the number of interruptions is 
greater, and nrr rersff. In order to dctei't the gray margin at 
high fro(iuem*y, along with the total shifting, greater strength of 
current is rei|uiri*d lliaii at a lower freijiieiicy of interruption 
(Martins, 42). This is impoitant in judging the observations 
made with the instrument, since a physiological process accom- 
panied by eleetnunotive action can record itself on the ca]ullary 
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electrometer by a total shifting only, oscilhfims, although 

unequal variations of current are present which fail to appear 
in the meniscus, because the oscillation fretpieucy is either too 
high for the existing E.M.F., or too low in proportion with the 
electromotive frequeiic}'. Tliere are two ways of recording tlic 
rapid oscillations of the meniscus ; the beats may be pliotographed 
on a rapidly-moving sensitive plate, which is not difticult witli 
the present development of instantaneous pliotograpliy (unfm- 
tunately no methodical investigation of tlie action (‘indents in 
skeletal muscle has yet been undertaken in tin’s nianmu) : or 
the forin and time-relations of the movements of tlie meniscus 
may be read off directly by tlie strobosco])ic methoil. 
Martins (l.c, p. 590 ff.) attached a paper ilag, I cm. s(jiiare, 
instead of a writing-jioiiit, to the Ic.V(‘r end of a very 
sensitive electro -magnetic IMeil's ehronogi*a]d». If this instrn- 
meut is introduced into the circuit of the interrujaer, tla? levm- 
will swing ill the period ol‘ the internijding siiring. The iKi]>cr 
Hag, at a .siilffciont rrequonoy, exhibits a broad, gray margin at its 
upper and lower e<lges, while the ffag itsidf appears <|iiieseenl. 
If the oscillating meniscus of the capillary eleetronuder is 
o)*served through the lower or upper margin, ils oselllati<jns 
vanish altogetlier, and it apiiears sharj) and lixial if 'If nm! (fir 
ih.if arc rihrafi/if/ at the Hiuttc par mJ, .N<»w since both oscillations 
are produced liv t]u5 same interrupt«‘r, it is olivioas Uiat tlie 
iiiercurv has no intrinsic, vibration j»eri»)d, but exactly r(?]»eat.s 
the oscillations of the inlerrujder ; seeing that (*vej’y ^^^^jneney 
of the latter (up to 100 j>er sj-c.) obliterates the, vilaal ions, /.r. 
gray film, c.d tlie meniseus, as previously visi])le in llui 
strolMwope. It is <l«^aily ea.sy with this nauhod to d<iU*i‘iniii(‘ 
ol»jectively tla*. uiikn<»wn freqiieney td peri(jdie, variations of 
current, read off in the oscilhiLions of the menisen.^i, if two intei’- 
rupters an* used, one of which is conii(‘cted with tie* <apillary 
eleetroinetc*r, the othei‘ with tin; stroboseo])(‘ in a. sciparate 
circuit. If the ^ ibration period coineiile.s in ilur two internipleis, 
tlie oscillations of the meniscus are, neutralised. If they diffn*. 
interferences arise, from wliich it is easy to ('uleulate, tlui am- 
plitude ol difference in vibration in the iwo sjnings fMartius, /y. 
p. 591). Let the rate of vibration in the slroboseojXi LS p<*r 
seo. If, instead of frequent oseillations of' tlie im'iii.seiis fwliich 
can only Iju counted artificially;, tv.o rc-gidai beats are obs(?rv(;d 
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per second tlirough the margin of the stroboscope, it follows that 
the interrupting springs differ by two beats. Martins tested the 
physiological applicability of the method {l.c, 592) by leading oft‘ 
from longitudinal and transverse section of the frog’s gastroc- 
nemius to the capillary electrometer by unpolarisable electrodes, 
the current of rest being compensated. On exciting the sciatic 
by 18 break induction sliocks per sec. the meniscus exhibited 
regular and visible oscillations ; the stroboscope was then intro- 
duced into the primary circuit of the induction apparatus, so that 
the flag vibrated synchronously with the number of stimuli, 
when the oscillations of the meniscus were extinguished — thus 
proving that a negative variation corresponds with each imj)act of 
stimulation in the muscle, an oscillation of the capillary meniscus 
witli eacih negative variation. The same effect is produced with 
a stimulation frequency of 30 per sec. Unfortunately, we have 
thus far no systematic analysis of strychnin tetanus, sjjasni in 
electrical excitation of the spinal cord, or the voluntary and 
reflex movements of the frog, by this method. Loven’s analysis 
(43) of voluntiiry muscular contraction in the frog and crab with 
the capillary electrometer yielded interesting results, and has 
rec(mtly been confirmed by v. Kries. 

JjOvcii convinced himself that the persistent voluntary con- 
traction of the cral) s muscles, as well as strychnia spasms in this 
animal and the frog, are accompanied by definite and fairly 
regular variations of cinTCiit. The frequency of these was 
astonishingly low (about 8 per sec.) That such infrequent 
twitches should fuse into a persistent contraction is the more 
remarkable, since we know that 20 or more excitations per 
sec. are re<juired to ])roduce complete tetanus on the frog with 
electrical excitiUion, and according to v. Limbeck’s observations 
34 stimuli sent into the spinal cord can be transmitted to the 
muscle, r^veii finds himself reduced to the hypothesis that 
single voluntary twitches travel more slowly than those provoked 
by electrical excitation. These results tally with those of Del- 
saux (44) (Fig. 136, a and h\ who only observed five oscillations 
per sec. witli the frog’s gastrocnemius in strychnia tetanus, on 
the capillary electrometer. The simultaneous record of change 
of form and electrical variation in muscle showed complete co- 
incidence. 

Since the telephone, like the capillary electrometer, is ex- 
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cessively sensitive to a brief duratiun of ciiiTent (variations oi‘ 
current), it was natural to apply it to the determination of the 
current of action in muscle. Hermann (45) was the tirst to 
experiment with the telephone, but he failed to detect, any 
action cnireiit. Benistein and Schoenlein (4(5), on tlie other 
hand, obtained positive results in 1881 with Siemens’ teh‘phone. 
If 4 to 6 frogs’ gastix)cnemii were laid in working onler upon non- 
polarisable electrodes (pads), and tlieir nerves simultaneously 
excited, a “ crackling sound ” w’as plainly audible in tlie tele]dioms 
which diminished in clearness with prolonged excitation. Finlher 



h 
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Kk;. KJ'*. r»*c(jnl of acrlioii curivntiii Fnv's ^Jisirnt inMiiins in Ntryr]iiii« n In 

(c, *). cum-s Ilf I’oiiliactnoi. 


investigations were carried out on the rabbit, ’riu* gastrocnemius 
muscles were expos<*d and connected with tin* teloj^hone l»y uiijiolar- 
isable electrodes, or simple metal needles were jaished through the 
skin into the muscle, and thence led oil to the teh*))hone ( J^ernstein, 
47). In both cases audilde tones were olitained, ]irovide<l the 
sciatic nerve, which had ])revionsly been divided, was tetani.sed. 
It was found, on exciting with the acoustic curienl interrujitei-, 
that the numljer of stimuli might reja b 7h0 |»(‘t see., w)i^*n 
the note in the telephone, corresponding with the interrupbn*, wa.s 
heard with musical integrity. Every note sung into a Hi'C'imd 
telephone fexeiting telephorm to ^ciatic'; was clearly distinguish- 
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able from the muscle tele})hone, and had its own characteristic 
pitch. After poisoning with strychnia also, a deep singing tone 
was clearly audible in the telephone at the commencement of a 
spasm. Later on, Wedenski (48) succeeded in hearing the 
action current of a single gastrocnemius in the frog, with intact 
circulation, led off by two needles, in the telephone, both with 
artificial electrical tetanus, and during voluntary contraction, and 
chemical excitati(jn of the nerve. 

llesselbach, who worked under Bernstein’s directions, pointed 
out that even a simple twitch from a single induction shock 
produced an audible sound in the. teleplione; which is important 
witli regard to the origin of the first cardiac bruit, and the nature 
(jf systolic contraction. To exclude reflexes and voluntary move- 
m(‘nt, tlie sciatic of the rabbit’s thigh was divided; single in- 
duction si locks were then led in by two needle electrodes pushed 
into the gastrocivmiius muscle. A mornentaiy dull sound was then 
c[uite audible in the stethoscope at every twitch, and also when 
all change ot form and alteration of position in the muscle were 
excluded by enclosing the ends in plaster of Paris. The electrical 
Hoand ” produced by the concomitant variation of current must 
be distinguished from the '' mccluinical sowuV that is heard 
directly by the ear in the muscle; according to Bernstein, how- 
emu*, the two sounds coincide in time. Bernstein concludes that 
in listening to the bruit, or tone, of the muscle, we do not hear 
the pi'ficcss of the twitch, or contraction, Init that molecular process 
which is electrically expressed in tlie action currents ; this, how- 
ever, postulates that the electrical variation as a v:liolc precedes 
contraction, which we have seen reason to doubt in the previous 
discussion. 

AVe remarked al)ove tliat every contracted muscle must 
be regarded as in a state of excitation, while it by no means 
follows that excitation is always accompanied by corresponding 
change of form. From this point of view, therefore, it seems 
u(»t impossible that electrical effects may arise, under certain 
conditions, without concomitant phenomena of contraction. It 
has long lieeu known that this is the case where there is a 
passive block in the muscular contraction, ami Fano and Fayed 
(49) showed that in the auricle even rigid tension did not pre- 
vent the development of rhythmieal action currents, nor are they 
quelled during the systolic stand-.still after poisoning with digi- 
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talis. We may also refer to the observations of Kuhiie (oO) on 
muscles treated ^vith NH 3 vapour, and strongly eontracted, 
which still exhibited very striking secondary elfeots, when all 
trace of movement had been abolished. This occurred on making 
a new section, which implies that there may still lie elVeelixe 
waves of excitation in the muscle witliout any subseipient evni- 
traetion wave. Similar experiments on the adductor muscle of 
the crab’s claw (Biedermann) will be referred to below. 

Fano and Fayod made the important observation that llie 
“ electrical pulse ’’ of the auricle in the tortoise heart may even 
increase when immobilised by tension ; tliis I’ecalls tla* striking 
ellect of tension on all muscular processes, in regard no less to 
mechanical yield of work than to thermic relations. Jn this (*on- 
nection, too, is the beneiicial eifcct of tension in normal striated 
muscle upon secondary activity (51 ). Meissner and ( ’ohn oliserved 
that with indirect excitation of the muscle the secondary (ex('iling) 
ellect increased when the primary muscle was tetanised during 
tension. Even in single twitches this is easil}^ demonstrated 
on muscles in which the excitalality has jau'eeptibly dimiiiisInM|. 
The latter is a slur r/ua iuni, because <‘X])erience shows that with 
high excitability of the jirimary pn?paratiou, tin*, S(.*coiidaiy twitch 
will rcaelt its maximum with even low excitation. At a e(‘r 1 ain 
stage of exhaustion, r.y. after lung Inuiting, it, is Ibinid that the 
capacity of givi]ig scoondary contractions when unloaded is en- 
tirely lust hy the muscle (gastroenemius <»!’ J!. tnnpnrnrl(t)^ 
although even a weak exeitation from the nervi; will j»n>dnee 
strong primary eonlractions. Kvmi with sti«>iig t^xeitation, mid 
highly sensitive secondary preparations, the latter me. not idfet ted. 
Tn every case the secondary enieieney of ila? jniniary lie;ite«l 
muscle is restored immediately after hiading, or any kind of 
ten.sion, to disajjpear again us soon as tin*, stiain is reniov<*d. 
rp to a certain limit, the magnitndii of the s«M*omlaiy 
twitch increases witli the load, Ijiit sofui heeomes maximal, 
and it cannot 1 j(^ jdjvu’ d(rtr*rmiin*d wlirtlher the laetors 

which produce such a marked aiigmeiitatiim of see.mdary 
activity during extension increase it still furtlim' with eonstant 
increase of loading. In tlnj jiarallc-l-tilaed sartmius als»i this 
ellect of tension may lie elegantly (buinuistratcfd. Since w«*, 
cannot doubt that the secondary action of a muscle upon the 
superposed nerve of anotlicr i»rcparation is induccfl selcl}' hy 
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the wave of electrical variation set up in the latter, directly, or 
by excitation from tiie nerve, there can only be two alternatives 
as regards positive change of sign in secondary action ; either the 
conditions for neutralisation of the existing P.D. by the super- 
posed nerve become more favourable, or the magnitude, form, and 
velocity of the wave alter in a direction more favourable to 
excitation of the former. Tliat the first of these possibilities 
does not come into the present consideration may be concluded 
from the fact tliat the experiment comes off as well with regu- 
larly construcited muscles as with the usual nerve-muscle pre- 
paration. Moreover it is possible, by altering tlie position of the 
secondary nerve on the surface of the primary muscle, to render 
the external conditions of the discharge of secondary twitches 
during extensi(jn as unfavourable as possible, either l)y only 
allowing it to come into contact with a very sliort strip of the 
(‘xtimded muscle, or by placing it across, or round, the muscle, 
which, however, in the majority of cases has no effect on the 
result. Only the other possibility, therefore, need be considered, 
and tlie magnitude, form, and velocity of the wave of electrical 
variation have therefore be(}u investigated comparatively in 
8tr(‘tched and unstretched muscle. Heidenhain, r.//., was the 
first to show tlint the pro])ortion of vital energ}" developed as 
heat ill contraction depends essentially upon muscular ten- 
sion, since, up to a certain point, tlie evolution of heat increases 
with the loading. This suggests the idea that the other factor in 
the sum of energy, which appears as electricity in the action 
current concomitant with excitation, may be infiuenced in the 
same degree by tension. The experiments of Lamansky 
(lyiiif/erfi Arch. iii. p. lOM), wlio observed an increase of the 
m‘gative variation in the gastrocnemius with increase of loading, 
wtuild be in Javour ol‘ this assumption if the exclusive use of the 
irregularly constructed gastrocnemius did not suggest objections 
alre^uly pointed out by du Hois-Heyniond. 

If this theory is ci>rrect it might be expected that other data, 
which are experimentally found to augment the ca])acity of work in 
the muscle, would also increase its secondary activity. The favour- 
able iufiuence exerted under some conditions by rcjiaftaJ excitation, 
at uniform intensity, upon the mechanical capacity for work in 
(‘urdiac and skeletal muscle, where a ‘‘ staircase is formed at the 
beginning of a series of contractions, has already been referred to. 
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Electromotive action does therefore, under the sjnue eoudiiions, 
seem at times to imdei'go a considerable augmentation. If 
properly excitable gastrocnemii of “cold frogs'* are employed as 
primary preparations, a more or less crowded series of twitclu‘s 
appears — independent of loading or not loading — with slow 
rhythmical excitiition by the make and break of a primary in- 
duction coil, each of wliich is also followed by a mvmlanf ivnirae- 
twn, so that the beginning of the ])riinnry series coincides with 
that of tlie secondary series of twitclies. And, in conclusion, if 
primary twitches are sumniated into a steady, unilbrni tetanus by 
accelerated excitation, this is no less the case as a rule with 
secondary preparations. The primary sets u]) a sec<nidary co- 
inciilent tetanus. Tlie eflect is tpiite dilferent wlien a warm- 
blooded muscle is used as tlie primary preparation, for, wlicn it is 
iinstrctclied, even tlie strongest excitation fails to i)roduee scCiUidary 
twitches. Thus — apart from tlie tmnporaiy state of exidtahility 
f)f the preparation — it d(*pends solely n]>on tin*, length oi‘ llie 
interval which separates the single stimuli, whetln*i* or no the 
secondary inactivity of the muscle continues during the wh(»h* 
period of incomplete Udanisation. 

As a rule, when the test-nerve is placed ui)Oii the snrl’acc of the, 
jjrinmry muscle, the latter tixeites the secondary pri*paration after 
a longer or slioiter series of iiieirective twitcla‘s. Tin* sccondaiy 
twitches aie small at iirst, but rajadly increasi* in niagiiitinli?, 
and may finally far out-loj) tliuse of the ]>rijuary jn-eparation. 

Siuc(i the contractions of a warm-blooded niiiscli; iMM.-onn? 
more extended at a certain stage of fatigin*, at which, menc 
particularly, elongation takes uj» a longer jx'riod, it may hapjien 
that with even a moderately rapid succ(*ssioii of single stimuli, 
the twitches of the niiloaded, jirimary prcpaiation fuse* into almost 
constant tetanus, the vigorous and perfectly distirnd; sceondary 
twitches alone ox]»res.sing the internal ehangtts (»!' the muscle, 
which correspond with each stimulation-impact; the same oc(!urs 
also in tensely stretclicd muscle. It has alrcmly Ixam stated 
that the period for which the unstrcftclnnl gastrocinmiius muscles 
cxhilat secondary activity during incomplete letanns, is con- 
ditioiied on the one hand by the degree in wliich the specific 
muscular state induced by heat is developed, and on the other by 
the intensity and numlK*r of the successivi* stimuli in the tiim^- 
unit. Here we need only say that the delay seems generally to 
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be greater, in proportion as the induction cuiTent is weaker, and 
the excitation intervals, with a given state of excitability, longer. 
Often the secondary muscle only l)egins to twitch when the stimu- 
lation of tlie primary muscle has already lasted some minutes, 
and when, owing bj fatigue, the changes of foim in the latter,, 
corresponding witli the single stimuli, are hardly to be recognised, 
ft is natural to suppose that this miglit be solely an effect of 
siimination in the secondary nerve, but that is easily excluded by 
applying the nerve, not at the beginning of excitation in the 
jji'imary muscle, but after a greater or lesser number of stimuli. 
Without exception tlie secondary twitches appear in full vigour 
as soon as the nerve is bi'ought into contact with the primary 
muscle, sliowing that the gradual development of activity in tlic 
hitter dc^peiids upon changes in its substance produced by repeated 
excitation. 

if in tJie.se two cases it appears highly probable that tlie 
ilifiereneo in the secondary action from muscle to nerve depends 
upon the intensity of electrical action in the former, in other 
instances disparity of time-relations, and form, of the wave of 
electrical variation, seem to be the determining factors. Above 
all tJiere is the striking diference in secondary action from 
muscle to nerve, when the former is directly excited in a variety 
of ways. As a general rule it is harder to elicit secondary con- 
'\ir\\uaiy muscle is excited directly, than when 
it is excited from the nerve. Du Bois-Heymoud in fact supposed 
that there was no secondary twitch, if a wave of excitation was 
set wp ill the sartovius or gracilis, with a sciatic nerve lying on the 
(excitable upper end of the muscle. Ktihiie was the lirst to show, 
on the contrary, that tlie twitch produced by moistening the 
iresh section of a curarised sartorius with a conducting fluid 
(which Heriiig proved to be electrical in character) is peculiarly 
ada}ited to secondary action, a fact which only makes it more 
remarkable that the direct electrical excitation of tlie same muscle 
by avtiticial cuiTeuts sliouhl be so ineffective for this purpose. 
Killine did, indeed, observe unmistakable secondary action 
on exciting one. end of a muscle with single induction shocks, but 
in all these eases such a strong current was needed that special 
control experiments ^Ye^e required to exclude dhect excitation of 
the secondary nerve by current diffusion. If a battery current 
is tlirown in 'aterally l»y unpolarisable electrodes near one or 
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^ the other end of the frog’s sartorius, connected at both ends ^Yith 
the bones, the strongest excitation fails to produce any trace 
of secondary action, — notwithstanding a marked twitch of the 
pruiiary muscle and favourable position of the test-nerve, — so 
long as both (thread) electrodes are placed on the continuity of 
the muscle, so that the lines of current must tniverse it in a more 
or less oblique direction at the point where they enter, as well 
as leave, the muscle. No alteration of this negativ(*. result can 
be detected, however much the muscle is extendeil. On the other 
hand, secondary effects of gi*eat intensity may regularly be seen 
with weak excittition of the primary muscle, if tlie galvanic 
current leaves the muscle, at either end, by the natural uninjnr(*(l 
ends of fibres (ol). It is suliicient to connect up one electrode 
(kathode) with the stumps of bone, and to })lace the other, by 
which the current- enters, directly on the muscle. The secondary 
twitch occurs with oiic direction of current only, while closure in 
the other direction is followed by a vigorous twitch of the primary 
muscle, without excitation of the second preparation. It is not 
improbable that with simultaneous and equal excitation of the 
collective ends of fibres on one side of the sartorius (as occurs 
when the current leaves the muscle by one or the other end in 
the longitudinal direction of the fibres), the wave of electrical 
. variation might be essentially distmguished from that which is 
discharged with a more or less oblique exit of current through 
an electrode placed at the side of the muscle. In every case, 
however, we must assume that the excitnlory wave iUsclam^ed 
by immersion of a fresh transverse section in condneting fluid, 
owes its peculiar aptness for secondary action t«> tlui same condi- 
tion as the wave produced by closure, of an attc^nninal batUny 
current, so that the secondary jnellieiency of the diri-ctly (jxeited 
curarised muscle is only apparent, and produc'c*! by pinuly extmnal 
conditions. 

With regard to these experimental results, it is very stjiking 
that the position of the secondary nerve on the primary inuseje 
should have comparatively little iidluerice on tlie consequene.(*s. 

If, as it is impossible to doubt, this is aii ehfcrtrieal excitation of 
nerve by the action current of tluj primary muscle, two points 
must be connected which ]>resent a considerable difrmcnc.e of 
potential at a given moment. The most favourable j»osition of 
the secondary nerve is apparently tliat in which it lies upon the 
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lower surface of the sartorius, parallel with the fibres of the muscle, 
and as much extended as possible. Then, under some conditions, 
the thinnest Inxndle of muscle -fibres, hardly coiTespoiiding in 
diameter with a frog’s sciatic, will suffice, on exciting the trans- 
verse section, to produce secondary cionti'action. For the rest, 
with moderate excitability of nerve, hardly any position fails to 
produce vigorous secondary contraction of the muscle. Secondary 
excitation in which the nerve bridges the muscle at right 
angles, has a special interest. This is easily effected if the 
sciatic of the leg, fixed on a movable glass plate, is clamped, 
along with the sacral plexus, to a conveniently fixed glass rod, and 
applied, after- moderate extension, to the inner surface of the 
dependent sartorius, or simply hung over it. In the latter 
CJise the most vigorous secondary contraction is found on making 
a double transverse section in the sartorius with both ends 
pendent, or by moistening it in the usual way (Kiihne, 5) ; it 
then appears that the secondary activity of this most regular 
muscle, on which du Bois’ law of the muscle current can be 
infallibly demonstrated, is independent of the amplitude of the 
current of rest to such a degree that there are actually no jxoints 
or lines on the muscle excited from the cross-section which fail 
to give secondary action. Even more surprising than secondary 
excitation with the nerve laid across the primary muscle, is the 
fact that application to the surface of the transverse section of 
the muscle does not abolish secondary action, which docs not har- 
) lionise with the prevailing view of the dejiendence of secondary 
excitation upon the muscle current (Kiiline, 1,l\ p. 24 f.) ; under 
these conditions, indeed, it might almost be doubted if the wave 
of electrical variation is really the immediate cause of secondary 
excitation. Kiihne (/.r. pp. 27-37), however, gfive a direct piwf 
that it is so, by showing that the pjirt in contact with the 
secondary nerve did not act at the same moment as that in which 
the primary excitation impinged on the muscle at another and 
more remote spot, but as much later as was required by the wave 
of variation to pass from its point of origin to that at which it is 
led off’. The nerves of two gastrocnomii were laid on the sar- 
toriiis at some distance from each other, and the muscle was then 
excited from one end. The interval between the excitations of 
the two secondary nerves was always quite evident, and often 
considerable, although excessively fluctuating. While in the 
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most unfavourable cases the process excitatory of secondary con- 
traction is propagated at a velocity of 25 cm. per sec., u\ very 
slowly, the A^elocity in other cases is so great that the methods 
employed (by whicli velocities at 2 ni. per sec. can be estimated) 
were unable to determine it. It appeared even from Hmaislein s 
first experiment that the velocity of the waA e of electrical variation 
in muscle is extremely fluctuating, and diminishes witli companitive 
rapidity in the excised muscle. If the period of the contravlion. 
wave is any guide to that of the wave of variation, we miglit 
recull the well-known waves of contraction, visible to the eye on 
account of their slowness, which appear more partieula»'ly in insect 
muscle, but also under some conditions in tlie freshest irog’s 
muscle, e.f/., as above, in the sartorius or addiu-tor magnns, 
when mechanically excited with the point of a needle (Kiilme, 
l.c. p. 3G f.), or as the galvanic wave, with strong battery 
currents. 

With regard to the question, whicli section of the electrical 
wave of variation is most important in secondary excitation, we. 
should a priori be. disposed to choose the fonunost, ic. tin; 
steepest, as most efficient. In any case it is — as follows fr(»m 
the evidence given aliove — a very }<huri segment of the (* xcilulo ry 
wave which excites the nerve resting upm it. 

In all effective nerve-excitation (more ijarticularly (‘IccJrical) 
a certain rapidity of time distribution is implied in the changes 
set up by the stimulus ; and this aj^pears in secondary cxeitalion 
from muscle to nerve also, since sluggishly-moving muscles are 
for the most part unfitted to ]>roduce scc.cmdary excitatinn in 
frog’s nerve. 

]\Iatteucci stated that the secondary cfnjtraction faih'd wJjim 
he applied the frog’s sciatic nerve to the* excited museular mass 
of the intestine, stomach, or bladder. Kiilme confirnierl tln^ saim*, 
in the highly mobile ureter of the rabbit; nor eouM lie. discover 
.secondary action in the striated niuscles of Ifydropliilus and 
Astacus, even when, in the latter, the primary contmetion of the 
adductor claw-muscle was produced by excitation of tin? nerve. 
So again the intestine of the tench, which, at the part wherii tlim e 
are striated muscles, contracts tolendfly ra[*idly, and almost 
twitches, with electrical excitation. Kiilme also found total 
absence of sccondaiy action in the muscles of Kvropfta^ 

both in the pale musculi retrahenUiS caiiitis collicjuc and tlui red 
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muscles of the limbs, on applying electrical excitation to the former 
directly (by puncturing the spinal cord, or excising one end), to the 
latter from the nerve-trunk. Since the tortoise can withdraw its 
head with tolerable rapidity, and almost twitches its legs, at least 
when its nerves are .artificially excited by induction shocks, its failure 
of secondary response both to single twitches and to tetanus is 
very remarkable. The extent to which secondary excitation from 
muscle to nerve (frog) is dei)endent on the velocity of the excita- 
tion (contraction) wave is elegantly shown in the heart. While 
Kiihne (l.c.) obtained only weak secondary twitches from the 
ventricle of the beating tortoise heart, which disappeared soon 
after exciting it, i.e. long tefore any perceptible diminution of 
pulse, the smaller but more rai^idly beating frog's heart responds 
much better, and the still more raindly pulsating mammalian 
heart notably gives vigorous s(JCondary contractions. On the 
other hand, Kiihne obtained, on exciting the nerve, as good 
secondary twiteduis and secondary tetanus from the red gastroc- 
nemius, as from thci pale muscles of the rabbit, although its 
twitch is essentially more sluggisli. 

J. V. Uexkull (52) found that wdth uniform conditions, an 
important factor in the results of secondary excitation was the 
point at which tlie primary muscle (non-eurarised sartorius) was 
excited. “ The sinudtaneous excitation of muscle-substance and 
nerve timisversely to the entrance of the latter into the sartorius 
produces no secondiiry reaction, while pure muscular excitation, 
like pure nerve excitation, results in secondary .action under the 
same conditions.” Uexkull show’ed by experiments on the 
gracilis muscle that the occuiTence of secondary effects is associ- 
ated with the coexcitation of the nerve-endings. Under certain 
pre8umi-)tions {i.c. a latent period for the propagation of excitation 
from the ner\'e end-organ to the muscle, and secondary activity 
of the suminit only of the variation curve of the action eun-ent) 
the phenomenon might be explained as one of interference. 
Uexkiill formulates the process as follows : “ A stimulus reaches 
the nerve end-organ and muscle-fibre simultaneously, it discharges 
a wave of action in the latter which would throw the secondary 
limb into excitation, were it not that the simultaneously excited 
end-organ of the nevA e discharged itself a moment later upon the 
muscle. Hence instead of a simple action waAe there are two 
waves coupled together. These waves are inept for secondary 
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action, because they are flattened. The whole process, theielore, 
loses in crispness, and also in capacity for exciting." 

These conclusions leave no doubt as to the influence which the 
intensity, form, and distribution in time, of the electrical wave of 
variation exert upon the secondarj' excitation of nei-vc and 
muscle. It remains to consider tlie eflect of tlie time-onler of 
successive (single.) stimuli upon secondary excitation and upon 
electrical response of muscle in geneial. 

Since secondary excitation is only a special form of the electri- 
cal stimulation of a nerve still in connection with its muscle, W(*. 
should a priori presume that the same law which (hmiinates the 
manifestation of primary tetanus, and more es])ecially its de])end- 
ence on the intensity and frequency of stimuli, also holds goojl 
for secondary tetanus. licmenibering furthei‘ that tiui electrical 
waves of variation are not always i‘Na(‘tly paiallcl with the 
phenomena of contraction, we should not (*xpecl (‘onqdeti^ 
parallelism between primary and secondary tetanus (as acl.ually 
appears from the facts), llefore the incapacity of inaiiy tebini 
to produce secondary tetanus was a])p]ecial(*d, the latt(*r was 
held to be such an unfailing indication of ])rimajy t(*tanus 
that it was appealed to, not merely in evidence*, of tlu*, electro-, 
motive discontinuity of all tetani, but also in deciding ))e- 
tween contracture and ttdanus. It was taken for granted that, 
a muscular inovernent whicli induces secondary twiteli, but Jiot 
secondary tetanus, must itself be a sinqde twitcdi. N'et this ofUin 
000111*8 w'lieni there is no doubt as to tin* discontinuity of the 
primary stimulus. The elfcet in the secondary ja-eparation 
depends essentially, as can readily be dcuuonst laled, f>n the char- 
acter and strength of the jiiimary cxc-ilation, and therefore on 
the intensity ami frefjuency of the induction shocks sent int-o tin; 
primary preparalion. If the sticnglli of current is S(i adjusted 
that the i)rimary muscle is thnnvn into tetanus, tljej-e. will be a 
partial tetanus in the secondary muscle, varying in length and 
lieight, or curves will l>e yielded wliieli cannot in any way b<‘. 
distinguished from those sometiTiics descril>ed by the ]>riinary 
muscle as “ initial twilclies.” In rare; eases we find not nnu edy 
a secondary initial twiteli at the beginning of jiriinary t<itanus, 
but also a secondary “final twiteli" at tia^ end of tin? e,xcita- 
tion (Sclioenleiii, 5 ;^). Jf the second/try initial twitch appears at 
relatively low stimulation-freqnency, it- is mainly du<^ to tliose 
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changes in intensity and duration of the action current in the 
primary muscle, which must be regarded as fatigue effects, as is 
attested by the reappearance of secondary tetanus, when the 
jjrimary muscle has had a certain time to recuperate. Thus 
Morat and Toussaint (54) observed secondary initial twitches, 
with fatigue of the primary muscle, at a frequency of 70—80 
stimuli per sec. Where fatigue is as much as possible eliminated, 
secondary tetanus may be kept up by strengthening the primary 
excibition, within a wide range of frequency. 

While the primary tetanus discharged by rhythmical excita- 
tion, electrical or mechanical, does for the most part elicit 
secondary tetanus also (though not always coextensive in duration), 
in other forms of artificial tetanus this never is the case ; although 
in hivourable examples secondary twitches may be elicited. As 
we shall see later, striated skeletal muscle falls, under certain 
conditions, into prolonged tetanus while the nerve is traversed 
by a constant current (closure tetanus), and occtisionally after 
the opening of the circuit also (Hitter's opening tetanus). J. J. 
Friedricli (55) found that the secondary preparation in such a 
case responded only, if at all, by a secondary twitch at the 
commencement of the tetanus under observation, never by a 
sectmdary tetanus. It is, moreover, remarkable that the effect 
was much more often absent in opening, than in closure, 
tetanus. 

Tlie tetanus induced by cheinmd excitation of motor nerves, 
though often pronounced, is ecpially ineflicient as regards second- 
ary tebinus (Kiihne, Le, p. 61 f.) Salt tetanus and glycerin 
tetanus produce, as Jviihne says, such a large mechanical yield of 
work from the muscle, that the failure of secondary tetanus 
cannot certainly be ascribed to weakness of muscular excitation ; 
it must rather be owing to the local mode of attack of the 
chemical stimulus, or to its temporal relations, that the muscle 
responding indirectly to it exhibits such a different reaction. 

This is the more remarkable since every mode of vital tetanus 
yields at most one or more secondary initial twitches, or inter- 
mittent secondary intermediate twitches, never secondary tetanus. 
l)u l>ois-Keyin<md investigated the question whether strychnia 
tetanus, like electrical tetanus, is of an interrupted character": 
he aiTangod his exporinient so that the test-nerve was applied 
to the natural longitudinak and natuml or artificial transverse 
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section of the leg muscles of a strychumiscd frog. In favourable 
cases, “ the rheoscopic leg set up a series of weak twitches whi(‘h, 
though connected, were never very close together”; it usually 
remained quiescent. 

Friedrich (/.r. p. 422) made the same experiment on frogs, 
rabbits, and guinea-pigs. Single twitches, which preceded the 
spasm of tetanus proper, generally caused secondary twitches. 
An even (strychnia) tetiinus, on the contrary — even if there was 
not, as frequently, a total failure of action — prodiu‘ed secondary 
twitches at the commencement only, never secoiulary letanna. 
Effects, corresponding with those observed by du llois-Kcymoiul, 
occur only when the primary prepai-ation, instead of exliibiting a 
steady tetanus, goes into clonic spasm. In other respects st rychnia 
tetanus has a marked action on the sn])erj)osed nerve. Strong 
secondary initial twitches accompany almost ev(ny s]Mism of 
rigor in frogs that have been kei)t in very tlilute solutit>u of 
strychnia, until for hours, and evoi days, they will (c\liil)it 
heightened retlexes ; tlie nerve need only in (‘ontact with the 
skin of the leg in the intact animal (Kiihne, /.c. p. 00). 

Sustained voluntary and retlex conti‘action is as little apt to 
excite secondary tetanus as strychnia spasm. llai*l(*ss was the 
first wlio tried to ol^tain secondary action from tia*, ex]»o.st;<l 
gastrocnemius of an otlierwise intact frog, during its natural 
movements. Even when sustaiiUMl contraction had Ikuoi induced 
ill the muscle by painful excitation, Harless failiMl to dis- 
cover secondary tetanus; tlicro was at most a sec'oudary twitch 
at the beginning of the contiaction. Exactly the same occuiTcd 
in the refiex movements. Another ex]K*nnient of Ihiihjss’ is in- 
teresting, where (in the I'rog) first tJie sj>inal cord and tlam tia.* 
sciatic plexus, high up, were electrically excited. In tlui foiijicr 
case a secondary initial twitch only ajipcare.d, in the latter tlmrc* 
was invariably secondary tetanus. In tliis conneelion we may 
quote llic observations of Hering on the contraction of the 
diaphragm in tetanus, occurring in re.s|>ij-atioii ; it is not pos- 
sible to obtain secondary tetanus of a frogs leg, with a])pli(?d 
nerve, from tlie contracted diaphragm, although the same jar*- 
paration falls into secondary tetanus dinjctly thti phnujic nerve is 
tetanised by weak electrical excitation, and gives a tertiaiy 
twitch if the nerve of the diaphragm is divided high up and laid 
on the still beating heart, so that th<? dia])liragni is l)rought into 
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rhythmical secondary contraction by the heart -beat. A simple 
metliod of obtaining a whole series of secondary twitches from 
ordinary skeletal muscle, reflexly excited, is that given by Klilme 
{l.c. p. 03): a lizard’s tail, amputated and curled up, produces 
vigorous excitation in the nerve of a frog’s leg brought into 
contact with it. Natural rapid contractions do accordingly 
possess considerable secondary efficiency. 

The telephone, as a proof of the discontinuous electrical 
wave of variation in muscle in natural tetanus, presents great 
advantages over the rlieoscopic test. Bernstein and Schoenlein 
(50) heard ‘‘ a deep, singing tone of unmistakable clearness” on 
the strychninised rabbit at the outset of spasm. Later on 
Wedenski (48) organised a whole series of experiments in this 
connection. At each energetic natural contraction of triceps 
iemoris in the frog, he siuiceeded in hearing a perfectly distinct 
murmur (aspiration) in the telephone. The same effects, only 
more intense and persistent, were heard during spasms produced 
by destruction of tlie spinal C03’d. Wedenski also experimented 
on himself (by pushing two needles into his biceps brachii), as 
well as on to^ids, dogs, and rabbits. The animals were either 
poisoiKid witli strychnia, or tetanised from the cord. In all these 
experiments a Iiardly definable, but deep and regular murmur or 
aspiration, was heard, like the sound of a dishint waterfall. If 
the arm is held out for a considerable time, the murmur becomes 
weaker, and eventually dies out (fatigue). The sound is deep, 
but it.s pitch indeterminable ; tlie attempt to determine it 
syntlietically by artificial mejisures gave negative results, since 
excitations of 8-20 beats per sec. yielded electrical tones of 
a perfectly diilei'cnt character fr<mi the murmiu’ heard in the 
telephone in voUmtary contraction. 

However completely the telephone may attest the oscillatory 
nature of tlie electricral pi^ocesses in voluntary, active muscle, it 
lias the great defect of giving no determination of frequency of 
variation. 

The cause of the failure of secondary tetanus in the above-cited 
inshinces has been the object of repeated investigation. Du Bois- 
Iveymoiul (1) pointed out the relative instability of voluntary and 
strychnia tetanus. Supposing the contractions of the dillereiit 
groups of fibres in a muscle not to occur sinndtaneously, it is 
conceivable tliat the electrical variations, led off externally, might 
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produce mutual disturbance or neutralisation, so that the effect 
on the superposed secondary nerve would be abolished, wliich is 
not the case when with rhythmical, artificial excibilion of tlie 
nerve the collective elements respond in the same pluxse with a 
■ uniform reaction. More recently Hering (55) and llrucke have 
formulated a similar theory, and the latter expresses tlio relation 
figuratively by contrasting the artificial excitiition irom the nerve 
as a ‘‘ volley,’* with the iiTegular discliarge or "'platoon fire ” Jroni 
the central organ. The inefiicacy of the primary tetanus ])ro- 
duced by chemical excitation of the nerve, with regal’d to second- 
ary action, may be exjdained in the same iminner. “ Jf we 
imagine the secondaiy action of the muscle to ]irLM*eed, not from 
a single muscle-fibre, but always from grou])s of fibres, and tliat 
in every such group the waves of variation run parallel with 
each other in no definite order, we have the (‘onditions wliich 
result ill negation of the external effect, since the neutralisation 
of the difierences in electrical pottmiial, wliicb are IIkj sjIc causi; 
of all secondary excitation, proceeds in tla^- muscl(‘, from one< iibre 
to the other, from euidi negative point of the one to the less 
negative, or positive, of the adjacent filire” (Kuhiie, 50). Hence 
it only remains to find the. ndwiudr i‘or th(» early i^xpiration of 
secondary tetanus, or aiipearancc of tlu^ secondary initial twib'h, 
with the rliythmical "volliy ” of cle<‘trical, or mechanical, excita- 
tion. This presents no difficulty, ])rovided the (Mmditions f»f thci 
appearance of the prim a n/ initial twitch, and more particularly 
its dependence on the intensity and fieijinmcy of tin*, ttftanising 
stimuli, are Icejjt in mind. According to tin* ('apillary (diictro- 
meter and telephone, the intensity of the (*l(*.ct.ncal variations of 
the muscle* declines very rapidly, and in (*ach case much earlier 
than the contraction. If in achlition to this the, stimulation- 
frequency is consideralde, we liavt*. suilicitmt grcMind for tin*, brief 
duration of the secondary tetanus. 

There is yet another factor to which Kiihnc. (V.c. )>. GH) first 
drew attention. A striated muscle notably jui^siujts no ]»hysio- 
logieal entity, siin'C at least two functionally distinct kinds (jf 
fibres enter into its composition. It only requires a different 
irmjjo ill tin*, rate of alterations of vr*locity in the dark (red), 
slowly reacting fibres to that of the tjniek, liglit fibres, to jnoduce 
such interference Ixjtxveen the waves of variation, tliat im differ- 
ence of electrical potential at the surface remains to exf'ite the? 
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superposed nerve. We have in fact observed that the light 
fibres are much more quickly fatigued than the dark fibres. 

With regard to the last point also, it can hardly be supposed 
that the wave of variation produced at one end of a muscle 
with parallel fibres, reaches every fibre at the same pliase, and in ' 
this we ought to find an explanation, not merely of the vigorous 
excitation experienced by a nerve laid at right angles across a 
strong bundle of such fibres, but, still more, of the otherwise 
hardly intelligible secondary activity of the rectangular cross- 
section. 

It is remarkable that during life the contracting muscles 
apparently exert no secondary action upon the nerves lying 
between them. Hexing showed indeed that tlie twitches of 
the diaphragm (ait) first observed by Schift* and not explained 
subsequently, which are isochronous with the beat of the heart, 
are produced by tlie contact of the phrenic neiwe with the 
beating heart. No other instance is known, and it is easier 
to deuion8ti*ate that under the most favourable conditions, no 
secontlary excitation of extra-muscular nerves in sitn results 
from muscles foreign to them. If the sciatic nerve is cut 
close l)elow the departure of the branches to the thigh, the 
muscles of tlie leg and foot are quiescent, even with strong 
tetanising excitation of tlie same plexus, althougli the nerve to 
the leg is eml^edded between the much-contracted thigh muscles 
(Kiiline). It is easy to show that this cannot be referred to the 
shoi’t- circuiting of tlie a(;tioii current witliiii tlie surrounding 
mass of muscle. Kiiline always obtained secondary action when 
be packed tlie nerve of a frogs leg in the thigh, alter removing 
the bone, and thou excited the sciatic plexus, and it is well kiioivn 
how little other moist bodies, serving as a deriving circuit, are 
able to hinder secondary action. Thick layers of filter-papei', or 
packing the primaiy muscle and secondary nerve on all sides in 
the viscera of a fianale frog, produce no disturbance of secondary 
excitation eilccts. That in secondary inexcitability of the nerves 
in fiUn there is “ a special adjustment of the muscular and 
nervous activity, wdiich really accomplishes much more than is 
demanded by the natural conditions,” seems evident from the fact 
detected by Ivuliiic, that even a slight diskx^ation of the nerves 
lying between the muscles of the thigh, or their simple exposure, 
sulfices to call out the absent secondary eflect, wdiile on closing 
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the wound it disappeai's again. With Ktiline we must recognise 
‘'that the nerves in siiit are protected against the apparently 
dangerous vicinity of the muscles between wliich they coui'se, by 
the characteristic properties of the latter, which forbid them 
any activity relatively to euch other beyond the hindering of 
neutralisation of the myoelectric potential in the tract tlirough 
which the nerve passes ” (which might jwrluips be referred to the. 
principle of interference, or exclusion of the suiuniateil action of 
the waves of variation). 

After Hering had determined that the muscle can be excited 
by its own demarcation cuiTent, it was naturally presumed tlifit it 
must also be possible to produce aecondan/ twcitaiion fraui mvsclr 
to muMc, In spite of many attempts the first experiments to 
this end were totally inclfective, since neitlier on ])artial excita- 
tion of a muscle- were its fibres collectively, nor on tolul exiufation 
were the adjacent muscles, coexcibid. Kiihne was the first wlio 
succeeded in obtaining sec'ondary (pre-systoli(‘.) ex(*itat!on of tlie 
frog s sartorius by the action current of tin*, slowly beating tortoise 
lieart, which, as we have shown, is characterised by iU Hcc'oiidary 
inefficiency towards tlie nerves of the fi’og. This shows on<.*e more 
the extent to which secondary excitation depends on the. tim(!-rc‘la- 
tions of tlie current of action : tlie more slowly reacting muscle 
corresponds lietter with a slowcu* wave of variation, whili* the. 
quickly reacting nerve i.s best excited hy a rapid variation, hater 
on Ktihno succeeded, under eei tuin special conditions, in jnodneing 
secondary excitation from muscle to inuschi tm tiui skcdelal mus(‘le, 
of the frog also. 

Wliile lie never succeeded in bringing a sartorius into con- 
traction by applying it to anotluir directly, or indii i*ctly, exciter I 
muscle, without pressure, the en'ect never fails when the mnsedes 
are partially pressed down upon one another (K iiline, 57 ). hnder 
these conditions one muscle will j)roduc<'. secondary <iX<*itation in 
a wliole series of otlier muscles, brought togetlier by the emls, 
under pressure. Indirect excitation of the jiiimary prejiaratitm 
from the nerve is in such a case effectual, even when tluj se(!ondary 
cxcibitiou fails in a super|>osed nerve, 'this is f;specially true in 
regard to elonic and tonic glycerin .s]»asm which fail to effect any 
but very weak excitation in the secondary uerve-niiiwde jaej^ara- 
tion. This alters, however, as sfjon as the primary mnsc.h! is i>arti- 
ally pressed down, when the secondary nerve, h ing in tlie ])roximity 
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of the seat of pressure, is vigorously excited by glycerin excitation 
of the primary nerve. The same occurs when a second sartorius is 
introduced, with the press, between the first and the nerve to 
the leg. On tlie other hand, the strongest excitation induced 
by ammonia in tlie primary muscle is incapable of transfer to 
the secondary nerve, or to a second muscle. Direct electrical 
excitation of the primary muscle, which is otherwise little fitted 
to effect secondary excitation in a superposed nerve, is in the 
pressed muscle extremely e^fic^lcious in secondary excitation of 
the accessory muscle, even in the case in which the current is 
directed in the muscle from tendon to surface. Total contraction 
towards a localised stimulus, well ns a tendency to sustained 
tetanic shortening, is characteristic of each compressed muscle. 
The first appearance is easily explained by the secondary action 
from fibre to fibre, and the two work togetlier in jiroducing the 
extreme sensitivity of the partially compressed muscle : “ At 
eiich impact of stimulation, when the normal muscle only reacts 
almost imperceptibly witli a coujde of marginal fibres, the com- 
pressed mnschi, being prevented from twitching in bundles, 
shrinks together simultaneously throughout its breadth, and while 
the former can scarcely move a small load, the latter lifts a heavy 
weight, raising it while still in tetanus to a considerable height, 
and liolding it there for several seconds ’’ (Kilhne). With 
regard to the constancy, or discontinuity, of the electromotive 
process during tebinus contraction of the comjn'essed muscle, it is 
impoi’tant to note tliat in contnist with the secondary iuelliciency 
of the closure and opening tetanus, the strongest secondary tetanus 
may result, if, with excitation of the primary, partially compressed 
sartcu’ius hy the battery current, the secondary nerve is laid on 
that portion of the muscle which projects from the press. It 
appears from this that the tetanus outlasting excitation in the 
])ressed muscle must not be taken for contracture, but as regards 
idectromotive response is to be viewed as a discontinuous pro- 
(*ess, similar to that of the true oscillating tetanus with rhythmical 
excitation. 

If any doubt still remains that there is in all these cases 
elcctriral coexcitution of the accessoiy muscle (or nerve), it is 
removed ])y the fact that the thinnest sheet of a flexible non- 
conductor, or metallic intermediate layer (gold leaf), prevents 
the appearance of tlie secondary excitation. Ktihne, moreover. 
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has succeeded, though rarely, in producing secondary excitation 
from muscle to muscle by means of electrical conductors (sidt 
clay), an experiment from which du Bois-lleymoiul obtained the 
hrst indisputable proof that Matteucci’s twitch deptaided on 
electrical processes in tlie primary muscle. As regards the 
cause of the remarkable eflect produced by compression of the 
muscle on its secondary activity, some light is obtained from ex- 
periments recently carried out re effect ol‘ dehydration fi’om 
desiccation (Biedermanu, 58). 

If dead, skinned frogs, or even parts of sucli, arc exposed freely 
in the aii’ for some lioiirs, at not excessive external temp(*raturc, 
they take on very remarkable properties at a c(*rtain stage of 
desiccation, which distinguish them in a marki*d degree iVom 
normal muscles, even at a high state of exeitahility. Here, as 
in partially compressed muscles, every stimulus, liowevcr localistul, 
produces an extremel}" vigorous and also jn’otracted, i)ersistcnt 
shortening of tlie whole muscle directly affected, am’ in many 
cases of other accessory muscles also, so that (‘iierg(*tic movements 
and changes of position result in these extreniities, ollen j>rodncing 
an impression of reflex or voluntary moveinents. The exeitahility 
is not stddom heightened to such a degreii that evtui the least 
shake, sncli as lifting the dish containing the. skinless remains of 
the frog, suffices to throw certain muscles into j/ersistent cojil rac- 
tiire ; a gentle touch of the (by surface always ]>rodu(.ies tliis 
result, it is easy to d(nnonstrate that this rt'action in dried 
muscle is principally due to dehydration of tin*. suj)erficijd layrTS 
of fibres, by moistening eveiy point found to sensitive 
to mechanical or electrical stimulation witli ]>liysiological salt 
solution, on which the cliaractmistic effect soon disap] »cars 
permanently, althougli it may still be elicited in other dry 
parts. 

If an isolated sartorius at the right stag** *)f desiccal<i(m 
is placed upon a glass dish with the noii-fasciculated inner side 
turned downwards, a series of effects caji lx* produeexi by the 
most simple methods, which mark off such a prtiparation distinctly 
from the normal muscle, however excitable. Kxcitalioji, witli a 
needle, of tlie fibres adjacent to the inner or outer margin, at any 
point, results, as a rule, in vigorous eontnietion of Da? v:hok 
muscle, so that there is no doubt that the ex('itati(jn which was 
originally limited to a few primitive filu’es c(anmuni(‘,ates its(df in 
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some way or other to the remainder. Here again, after the 
shortest excitation, the contmction is prolonged, and of a tetanus 
character analogous to that of compressed muscle. 

Tokd excitation of the entire sartorius also occurs at the 
beginning of desiccation, if the muscle is partially split longi- 
tudinally (Kiilme's “ bifurcate experiment ”), one half only being 
directly or mechanically excited. Both halves are then seen to 
contract simultaneously, and since tlie experiment also succeeds 
when the (jonnecting Inidge of muscle is barely ^ cm. long, the 
purely mechanical action of the directly excited bundle of fibres 
upon the adjacent half could hardly be an adequate stimulus 
within the short tract in which it is effective. Thus there is 
almost coinplete coincidence between tlie response of a dried and 
isolated, and that of a fresh, partially compressed sartorius. 

This also a])pears from experiments, in which the excitation 
is transferred from one sartorius to a second in close juxtaposi- 
tion. If two suittible muscles are laid together by the broad, unin- 
jured, pelvic ends, so tliat the dry outer surfaces are coextensive 
for about 1 cm,, the two muscles react as a wliole — as an excitable 
mass, cohering in every part, and conducting in all directions. 
Not merely is each excitation of the one muscle, discharged by 
any localised stimulus, propagated from fibre to fibre in the 
same muscle, but the primarily excited muscle twitching as a 
whole, throws the other also into secondary excitation. 

it was shown that desiccated muscles beliave exactly like 
compressed muscles, ic. tliey respond to a short, single stimulus, 
not as under normal conditions by a rapid twitch, but by falling 
with great regularity into prolonged contracture, or a state of 
})(*rsistent disquietude. In the latter case the secondary muscle 
may be seen to follow eacli movement of the primary with the 
utmost exactness in every detail, as if the exciUition were 
directly transmitted from one preparation to tlie other. The 
nature of secondary excitation from drying muscle to 8upeiq)osed 
ner\'e is also remarkable, since it tells in hivour of the dictum 
that a rhythmical, discontinuous change of state corresponds with 
the seemingly continuous contracture, after a single short excita- 
tion. If the nerve of a sensitive preparation is laid longitudinally 
upon an isolated sartorius undergoing desiccation, the leg falls at 
each contracture into gentle secondary tetanus, — without reference 
to the nature of the stimulus, whether discontinuous excitation, or a 
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single short stimulus. Compressed muscle, according to Ivulnie 
(supra), exhibits a similar reaction. 

The complete uniformity of response between desiccated and 
compressed muscle leads to the conjecture, tliat the striking 
tendency to secondary excitation in both ctises must bt‘ ascribed 
to one and the same cause, (lehydratioii, produced in the oiu* in- 
stance by slow evaporation, in the other by strong pressure. It is 
of little consequence that tlie alteration wliich junduces second- 
ary excitation concerns tlie entire muscle in the one case, and 
only a larger or smaller section of it in the other. Kiihne him- 
self remarks opportunely that *'the muscle comes out of the 
press as if it had been desiccated,” and calls attention in another 
place to the dry, dull appearance ” of the pressed ami tlattem’d 
strip of muscle, which gives the same constant resjHUisi? evtui after 
removal of luessure, so that altvratiou of the niuschi-substance 
must l>e held the true cause of secondary activity. In regard to 
cxciUibility also, tliere is a general coniVu’inity beUv(‘en com- 
pressed and desiccated muscle, since in both cases it appears ])t‘r- 
ceptibly lieightened. This is indeed to a much greater degree 
the case with the slow loss of water by eva.]M)ratif>n than in 
pressure, in whieli Khline only succeeded in (hunoiist rating an 
iiiimistakalde rise of excitid>ility in tia* compresscid traet at tJu*, 
beginning, while later on, in .sjatc of marked se(*ondaiy action, it 
.sliowed a significant decrease of response. For the rest ilie 
increase of excitahility caiiuot in itself be ]'(*gar«lefl as the sole 
cause of secondary ex(MlaUon, .^ince it is easy to show tlial/ a mnc.h 
iiKjre significant rise of excitjd»ility jnodnci'd in aiiotlier way 
(eh'cet of Xa^CO., solutions) does not enable the musch^s to react 
on one anotlier as described. Ju.st as little can it be due to the 
altereil lime -relations of the excitation, since ])oisoning with 
veralriii, which, of course^ throws the inuseh'- into a .state in 
which it falls into sushiincd contracture at the sliglitest 
stimulus, would then induce secondary excitation irom muscle 
to muscle, whicli never is the ca.se. An impfjrtant |X)iiit apjxjars 
on the contrary from the fact that the antagonistic contact 
of the ])reparations is incomparably imjre intimate, wlien the 
contiguous surfaces are at a certain degree of desiecatir>n. Tlii.s 
may also have some application in individual mnsedes, wlicire the 
single primitive fibres lie in clo.ser juxtaposition, in ]>ro]Xjrtioji 
as the muscle lose.s water. Still it is striking lliat, notwith- 



432 


ELECTRO-PHYSIOLOGY 


CHAP. 


standing the undoubted difference of water-content in the super- 
ficial and deeper layers of fibres in the muscle, the transfer of 
excitation does not seem to be confined to the former, although 
the direct excitation of the moister, non-fasciculated inner side 
is less certain to i)roduce secondary excitation of the muscle than 
stimulation of the dry outer surface. This seems to indicate that 
the di*y layers of fibres, which are the most excitable, may 
perhaps be distinct from the others in yet another characteristic 
{i,e. more pronounced electromotive activity). In any case many 
factors combine to produce this response of desiccated, or com- 
pressed, muscle. 

Langendorff-(59) has recently made some interesting observa- 
tions, in the frog, on plieiiomena analogous to those of drying 
muscle, after subcutaneous injection of glycerin; these effects 
seem equally to be due to a secondary excitation from muscle to 
muscle caused by deliydration. If 1-5-2 cc. glycerin is in- 
jected under the skin of the back of a curarised frog, vigorous 
and sustiiined contractions appear after some time at each excita- 
tion, not merely in the same, but also in adjacent muscles, similar 
to those which may be obser\''ed in desiccated preparations, and 
doubtless to be interpreted in the same manner. 

If I — Positive Variation of the Muscle Current 

Hering distinguishes, iii addition to the “ action current ” of 
Hermann, due to a “down” change at a led-off‘ part, a second 
kind of action current caused by an “ up ” change of a led-ofif 
point, without any necessary down ” change at the other lead- 
off. If this should happen in the case of a muscle, it would 
obviously give rise during tetaiiisation to a positive instead of a 
negative variation of tlie demarcation current, due to increased 
positivity of the uninjiued longitudinal surface, associated with 
upward modification. And in point of fact, certain recent 
observations seem to substantiate this theoretically possible 
event. Cuiskell (60), in the first place, observed a pronounced 
positive variation upon the cai-duic muscle of the tortoise during 
excitation of the vagus nerve. We subsequently succeeded in 
demonstrating a similar effect upon tlie adductor muscle of the 
emb's claw during indirect electrical tetauisation. As a result 
of a proloiigeil series of experiments upon the innervation and 
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physiological properties of cardiac muscle, Gaskell came to the 
conclusion that cardiac (and all other) tissue is supplied by two 
kinds of functionally opposed nerve-fibres, one of which (motor 
or accelerator nerves) he terms “ katabolic,” inasmuch as llieir 
presumable action is to bring about a destructive change, Avhile 
the other (inhibitory fibres) he terms “ anabolic/* because the 
alterations to which they give rise are of a constructive 
( = assimilatory) character. Just as — in accordance witli this 
view — “ a contraction or an augmentation t)f muscular energy 
is a token of disintegration ( = dissimilation), or of the activity 
of a katabolic or motor nerve, so is relaxation a token of integj*a- 
tion ( = assimilation), i.e, of the activity of an anabolic and 
inhibitory nerve.’* A similar view was previously put forth by 
Thwit (01) in connection with Ilerings tli(‘oreticiil position. 
And already before Gaskell’s work, experiments liad been made 
(with a negative result, it is true) to determine whethei’ the 
diastolic vagus -arrest of the heart is ac('omi>anied l>y any 
particular galvanic effects. Wedenski (02) by nu‘ans of the 
telephone, Taljant/elf (Go) l)y means of the ('a]»iJlary electro- 
meter, investigated the frog’s heait during vagus a,rr(‘Kt. In 
the first case there was no sound, in the second case the meniscus 
did not move, and the abseneci of any kind of galvanic a^'tion 
seemed a legitimate coiadusion. With (*.xeitati»)n, such as to 
produce only a slowing of tin?, heait’s heat, arid not a e,om])lete 
arrest, AVhdeiiski heard a series of short sonnds ('oinciding 
with tlie cardiac rhythm, and corresponding in jiitch with I he 
indiictorium. But to attribute tliese to the acticai of motor 


fibres of the vagus is a very questionable [)rocee<ling. One thing 
is clear enough — it is hardly ]na('tieable to devise a convincing 
experiment upon tlie possible galvanic eflects vagus lixeitation, 
wliile the normal rliythmic action of the heart persists; on tlie 
other liand, it is no easy matter to ohUiiu a ])i*olong(Hl anest ol’ 
the heart without cousiderahle interh-nmee with its anatomical 
and functional connections. Niivertheless (Jaskell lias succeeded 
upon the tortoise lieart in obtiiining a prejiaration that corrii- 
sponds with an ordinary nerve-muscle ])repaiati<»n in that the 
muscle is at rest — the nerve, on the othei' liand, being an in- 
liiUtory nerve. In the tortoise and llie crocodile a ]>articular 
nerve (the ‘'coronary nerve*’) runs fdongsidi*. of om? of the 
coronary veins, from the sinus venosus to tlie aortic bifurcation. 

2 V 
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This nerve, together with the sinus, can be completely isolated 
from the remainder of the heart, when it forms the sole channel 
of communication to the auricle which, with the ventricle, is 
separated from the sinus. After the separation has been made, 
lx>th auricle and ventricle remain completely quiescent, and only 
resume pulsation later, so that the experiments can be effected 
during the quiescent period. To this end the apex of the 
auricle is burned, yielding in consequence a strong de- 
marcation current, when the leading-off electrodes are in contact 
with the thermic section and the uninjured base. Like the 
ventricle current, this auricle current declines rapidly at first, 
then more slowly. During iJm tinw cavk mgm c:>:eitation given 
rm to a 2 ^ 0 Hitiv(i variation, which begins (piickly, reaches a 
maximum in ab(jut 10 secs., and at cessation of excitation 
sinks with increasing rapidity, so tliat after 18 — 20 secs, the 
magnet takes up the position whicli it would have occupied in 
the absence of vagus excitiition. There can be no doubt that 
this effect depends upon changes that have arisen in the uij- 
injured part of the auricle, and are ‘^accompanied by increased 
positivity of that part, just as contraction (^f the auricle is 
accompanied by diminlslied positivity of uninjured tissue.” If 
the auricle now recommences to beat, each contraction gives 
rise to a negative variation of the demarcation current, far langer, 
iis a rule, than the positive variation ; cases, however, occur 
ill which both kinds of variation are about equal in magnitude — 
yet even here there is a very characteristic difference with regard 
to rapidity of decline in the two effects. The swing back of the 
magnet is far more rapid after a negative than after a positive 
variation. If the excitation of the vagus is continued for any 
length of time, the positive variation may subside completely, 
even during the excitation. These galvanic eflects of the vagus, 
like its inhibitory function, are abolislied by atropin poisoning. 

As is well known, the lieart is iniluenced not only by in- 
hibitory, but also by antagonistic, viz. excitatory, nerve-fibres, 
which suggests the possibility of obtaining opposite galvanic 
effects by excitation of the latter. And Gjiskell, in fact, has 
succeeded under given conditions in obtaining a negative varia- 
tion of the quiescent ventricle (64). 

We ourselves performed experiments on the innervation of 
the claw-muscles of the crab (65), the results of which will have 
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to be diacussed more fully later on, but which showed that in 
this case also, each of the two antagonistic muscles is, lik(‘ the 
heart, subject to the intiuence of two functionally dilVeixuit kinds 
of fibres (inhibitory and excitatory), which run in the same nerve- 
trunk, and are capable of eliciting opposite mechanical ellects. 
It was natimil to suppose that opposite electromotive ellects, 
in coiTcspondence with this antagonism, would obtain in the 
form of negative, or positive, variations of the muscle current. 
But there were considerable difficulties in the way of experi- 
mental investigation ; in the cray-fish, at any rate, it is not 
possible to isolate the nerve in a state of exiaUilulity, while the 
muscle must be left within the shell ; this, if for no othei* reason, 
ivS imperative from the mode of origin of tlie comjHinent fibres, 
which spring from a large portion of tlie inner surfa(a> of the last 
segment of the claw, and for the most part converge t») tlu‘ 
tendon. The disposition is thus very similar to that of the. 
tendinous expansion of the frogs gastro(*nemius. At whatever 
part of the base of the claw the sliell is oj)ened, an artificial 
transverse section of the, muscle is iuevitahh', and it is nowlierc 
possible to expose the uninjured surfaccj (natural longitudinal 
surface) alone. Under th(\s(» cirtaimstancc's the most advisable 
proceeding is to lead oif from an injured ])art Avithin that ariui 
of the claw' at which fibres of tlic adductoi* muscle take origin 
(the particular ])Ositiou of this led-olf point is in general of no 
consequence), using as a second lead-off from the uninjured 
muscle some portion of the electrically imlilferent tissue that 
occupies tlic interior of the liollow limljs of the (daw, and may 
to some exumt he regard(*d as a liiolongstion of tlic tendon. To 
this end a small j>iece of the sladl, prefiu’ably n(*ar the l«is(i of 
the claw, is broken off from the outer <'dg(i, towards either the 
outer or inum' suifacic, hy hone-forecjis. A sccoini sjnalh^r (jpening 
is made at aljout tlie middh^ of tla^ outer (idge of the fix(*,(l limb 
of the C'law — the small adductor nnisohi having jircvionsly bcMui 
completely removed — to serve as the, second lirad-off of tJio 
demarcation current, wdiile the fn-c linih of th(i claw serves to 
indicate any movement due to altercid action of tluj adductor. 
The exciting electrodes f]>latinum jioints) transfixed the longest 
segment of the claw extremity near its outer lander. With this 
disposition the lead-off nearer to the base of' tla^ claw is of (jourse 
negative to the distal lead-off. 
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If the daw-nerve is now tetanised (the demarcation current 
having been previously compensated), the usual effect with the 
gradual approximation of secondary to primary coil is a more 
or less considerable deflection in the direction of a positive 
variation of the demaT'cation current, followed Ijy a diphasic 
(negative followed by positive), and finally by a simple negative 
deflection. As a rule the positive deflections are smaller than 
the negative deflections. With regard to the time-relations of 
the positive variation, it may be remarked that the variation, 
iLS a rule, follows close upon the commenc(5ment of excitation, 
and very gradually diminishes during its course. Owing to the 
fact that the adductor muscle is frequently in a more or less 
])ronounced state of tonic contraction (which, as will be shown 
later, may be abolislicd by weak excitation of tlie nerve, whereas 
strong excitation always augments, or initiates contraction), it 
seems natural to bring the galvanic changes into direct causal 
relation with the simultaneous alterations of form in the 
muscle. No such ])andleli8m of the two orders of excitation 
elflicts can, however, be predicted. It frequently appears that 
the electrical elfect is still purely positive, or diphasic, while 
the muscle is already in tetanus. Nor is it rare to find 
cases in which the adductm* muscle contracts vigorously 
with a certain strength of excitation, while tlie electrical 
changes are quiU^ insignificant, there being either a visible 
antagonism (jf etfects, or no perceptible lesult, positive or 
negjitive. In such cases, strong currents, as a rule, produce 
negative deflections in one direction only, usually insignificant 
in magnitude, and followed by a sti'ong positive after-effect when 
the excitation is over. Minimal galvanic effects, or complete failure 
of action, Irequeiitly occur in aiiimals which have been exposed 
for some tinic to a very low temperature (0“5° C.) In other 
cases, under the same conditions, the positive variation is well 
marked and vigorous. On the whole, the experimentiil results 
obtained vary to a surprising extent in different, though apparently 
similar, crabs. In single cases it was found possible to obtain 
positive effects in one directioji only, with any given strength of 
excitiition after very strong doses of curare, although the muscle 
goes into tetanus after each stronger excitation, so that there is 
no question of complete curare effect. After poisoning with 
curare the positive variation is always strongly developed in 
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comparison with nonnal preparations, even if deflections in the 
direction of the negative variation occur on increasing the 
stimulus. Eventually we obtained pure positive ell'e(*ta in one 
direction by the application of a simple device, viz. fatiguing 
the adductor muscle by unilateml exertion, until the reactions 
from the motor nerves of the claw were reduced to a 
minimum. 

In fresh, lively crabs it is easy to fatigue the adtluctor muscle 
in a comparatively short time to such a degi-ec that voluntary 
or reflex contractions are only possible to a very limited extent. 
It is only necessary U) excite the muscle into vigorous con- 
tractions, repeated as often as possible, by means of continiiou.s 
stimulation of the animal (insertion of a firm l)ody and finger 
between the joints of the claws). The extraordinary strength 
and dumtion of the first contractions diniinisli with sur]))‘ising 
rapidity ; longer and longer pauses are rc(|uirc.d before the crab 
can be stimulated to renewed, effective contraction of the claws, 
and finally even painful excitation ceases to produce it. 

If a preparation thus fatigued is tested as al)ov(i in regard to 
its electromotive activity during excitation, it will ))e found 
without exception that mr?/ trarr. af a nef/aiirr variation is 
v:antin{/f whik strong ilcjlcdinm^ amympang nirh rfjhiirr 

tdanimUon of the nrrve. The. effect begins in dilfmcmt animals 
within a tolerably wide range of current, inmeases to a certain 
limit with approximation of the secondary and primary c.oil, to 
decrease again, as a rule, with further increa.se of stimulus ; this 
effect may pcrhaj)s be inferred in ]»art to an interferenc(.‘ ol’ the 
two oppostMl effects of excitation, as is indicjited inter atm )>y 
the fact that at a lower degree ()f e.xhaustion of the. aclductor 
muscle every po.ssible transition occurs l»etwe(m diphasic action 
with a predominance of positive deHection, <Iecreasing in size? 
with increasing strength of curroit, and .simple positiv<t 
variation. 

The indepcmdence of the galvanic eflccts of excitation 
from any simultaneous change of foi-ni in the mu.scle, is (piite 
unmistakable in these experiments. In many cases mecJianical 
effects still appear in a fatigued pre])aration wlnm it is strongly 
excited from the nerve, and are expresscrl in a shortening of 
the adductor muscle, which, however, i.s tlnai ac/'ompanietl, not 
by a negative, but invariably ]>y a positive vaj'iation of tJjc 
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inuscle current. In other cases again, all change of form is 
wanting in the muscle, even with the strongest excitation, while, 
on the other hand, the positive variation comes out in apparently 
undiminished proportions. We observed the same phenomenon 
in the adductor muscle of a crab, in which all the muscles had 
undergone jjathological change, and looked gray, as if from 
boiling. Tluise experiments show definitely that a positive 
variation of tlie muscle current may appear in consequence of 
nerve excitation, not merely when the muscle in tonic contraction 
relaxes, but also when it is free from tonus and exhibits no 
cliange of form on excihition, or even shortens slightly. With 
regard to tlje time-relations of the positive variation, it must be 
observed that the beginning of the deflection coincides, as a rule, 
with the beginning of excitation, so tliat in prolonged tetiinus of 
the nerve the scale remains some time at maximal deflection; 
when the circuit is broken it returns to its position of rest 
with declining rapidity, but fails (in the initial excitations) to 
reacli it conqfictcly, so that tlui muscle current at first increases 
steadily in consecpience of nerve excitation. 

If a ]>r(i])aration which is in such a state that eveiy effective 
excitation produces only ii positive variation of the muscle current, 
is kej)t for a long time at a low temperature, and the effect of 
exciting the nerve is periodically tested, it is found that 
the deflections under similar conditions, with uniform strength 
of coil and duration of closure, are gradually lessened, and even 
change their sign under cerbiiii conditions, — since with strong 
excitation a weak negative variation appears again, either as the 
prelude to a stronger positive variation, or independently. Thus, 
after a long rest, a liitigued muscle preparation may return more 
or less to the normal, characterised by diphasic galvanic elfects 
of excitation. Ilie changes referred to are indei)endent of the 
simultaneous diminution of the muscle current, which may eixsily 
be excluded by fiirtiier supplementary injury to the parts of 
the muscle still uninjured. If, as has just been stated, it is 
possible to throw the adductor muscle of the crab’s claw by 
prolonged and exhaustive activity from the central onjaii on the 
one hand, and on the other (though less certainly) by poisoning 
with curare, into a state in which tetanisation of the corresponding 
nerve produces only a positive variation of the muscle current, 
it is still easier to exclude this last eflect entirely, and, under 
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uniform conditions of experiment, to produce a neijatirc variation in 
only one dirceiioiu This is readily understood when we renieiiibei’ 
tliat the negative effects prepondenite greatly under normal 
conditions, while the opposite positive variation appeai^s pro])t‘rly 
at a very limited range of the scale of excitation, while 
later on it is masked completely. In order to aV»oHsli it 
altogether, it is only necessary, as a rule, with even weak 
excitation, to keep the animals under experiment for several 
hours in water at 20 — 25® C., or to leave the claws, cut off, 
for some time (about an hour) in a moist chamber at normal 
temperature. The adductor muscle then exhibits an electro- 
motive reaction to excitation from the nerve, which is the exact 
opposite to that of continuous activity. While the muscle thus 
exhibits a negative variation in one direction only, both with 
the minimal excitation from the nerve, and with maximal 
currents {ij\ responds, like all other known voluntary, striated, 
vertebrate muscles), the same muscle, under uniform conditions 
of excitation and leading-off, will sometimes yield pn'cisely 
opposite electrical changes, exiuossed in a positive vai’iation of 
the demarcation current, — which have so far found an analogue 
only in vertebrate cardiac, muscle. Tln'se two op[)osit(‘, variations of 
the muscle current exhibit certain sUiking pcHUiliariticH, as regards 
both strength and time-ndations, when they Jijipear as the soh*, 
effect of excitation under the aluive conditions; and tlaw^. an*, 
not without importance in the interpretation of iho, ]}hcnomena. 
In the first plac(^, it is found that in tlie one cjisti, as in the oth(;r, 
the magnitude of the deliections on the galvanoni(d,er is nitarly 
always greater, at uniform conditions, than it is in a jM*rf(*ctly 
fresh normal muscle <»f a '‘cold crab.” In such ])r(*|)aration 
the effect in one or the other din*ction is seldom more tlian 
50 degrees of the scale, while, in a fatigued adductor mustde the 
positive deliections frequently amount to 100 <livisions of’ 
the scale, and the negative effects in preparations of “warm 
ciabs” are still more striking. 

In the normal adductor muscle again a prominent fact is tlu* 
rapid swing back of the negatively fleflceted magnet, on the 
prolongation of strong excitation, altlKingh, as is easily proved, 
the tetanisatioii of the musch* persists much longer. Not in- 
frequently the scale Hies beyond its zero, and nunains deflected 
in the sense of an opposite positive variation. A preparation lliat 
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has been previously heated gives quite a different reaction ;• the 
negative variation in this case quickly reaches its maximum, and 
only diminishes slightly if the excitation of the nerve continues. 
The magnet only returns to rest when the circuit is broken. 
The effect is therefore similar to that in striated vertebrate 
muscle. We have stated above that the positive variation of 
the fatigued muscle tends at first to a permanent increase of 
the demarcation current, while later on, with repeated excitation, 
it compensates itself efich time slowly, but completely. A 
negative after-variation, such as is often observed on strongly 
curarised preparations, is regularly absent in fatigued muscle. 

The next question connected with the appearance of the 
positive variation on indirect tetanisation of the adductor muscle is 
wliethcr there is here a discontinuous alteration of state in 
the muscle -substance, as in the negative variation which 
otherwise accompanies ex(?itation. We have unfortunately not 
been aide to decide tliis point from frog’s nerve -muscle pre- 
parations, since, under even the most favoimable conditions, it 
seems impossible to elicit secondary twitch, or secondary tetanus, 
from the adductor muscle. Investigation of these effects by 
nieaiiH of tlie capillary electrometer, wliich we have not yet been 
able to carry out, might here also give the desired solution. In 
the liglit of other observations on the same preparation — to be 
discussed l)elow — the experimental results point to an explana- 
tion, which is directly connected witli Cmskeirs theory, as above 
(quoted. Eemembering tliat the adductor muscle of the crab’s 
claw is supplied, demonstrably, by two functionally distinct nerves, 
inhibitory and excitatory (assimilatory, dissimilatory), which on 
excitation produce opposite changes of state in the inuscle-siili- 
stance (expressed by antagonistic changes of form on the one 
hand, and by contrary electromotive action on tlie otlier), it 
must be assumed that the galvanic effect observed with a moder- 
ate intensity of the artificial stimulus to the nerve is, as a rule, 
the result of co-opera tioii between two contrary and simul- 
taneously excited processes, the alternating ratio of which depends 
on the one hand on the strength of excitation, on the other on 
the temporary condition of the muscle. 

’J'he strongest argument in favour of a masked diphasic 
response — even in such galvanic effects as, with strong excitation 
of the normal adducUn* muscle, yield experimentally negative 
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deflections in one direction only — derives from the remarkable 
variations in magnitude exhibited under approximately equal 
conditions. This affords a prima facie explanation of the striking 
fact that the galvanic etlects of excitation ai-e often insigniflcaut, 
even in preparations made from fresh, vigorous animals, and may 
fail altogether at a certain medium strength of current. This 
must indeed follow inevitably, where the two antagonistic processes 
terminate simultaneously as regards the electrical changes whicli 
they effect in the muscle. Tinally, both the diphasic action and 
the interference phenomena before alliuled to (positive after varia- 
tion and oscillation of the magnet to a new e(piilibrium) conibrm 
with the above theory. If we are to explain the monophasic, but 
antagonistic effects, of minimal and maximal excitation, we must 
assume in the first case a more prompt reaction ol‘ the in- 
hibitory (assimilatory) processes, in the other a prcpondtuancc 
of the process initiated in the muscle by tlie exciting (dissimi- 
latory) fibres. 

Moreover, we find expeiimenhdly tliat no ailificial (ixciUition 
of the nerve produces that state of fatigue in thi‘ muscle in wliicli 
it is characterised by a special disposition to ])ositive galvanict 
eflects, while tliese never fail to appear wlien iatigm* is induced 
by natural (ixcitation of tlic nerve from the cential organ. This 
difference is intelligible on the assumption that in the last case 
the exciting fibres are alone, or maiidy, involv(‘d, whih‘, in arti- 
ficial excitation l)oth kinds of liln'cs are necessarily exeit(‘d 
simultaneously, so that tin; resulting changes of the. mnschi in 
either case must be dissimilar. 

And lastly, we must emphasise the fact that in indirect 
excitation of tin* adductor muscle the galvanic (dfects are by no 
means in such close relation with the uiechanical (diccts of 
excitation as might be concluded from counth‘Ss exjuniments on 
verttdirate nerve -muscle preq mirations. 1 hither, as has been 

shown, there is a fundamental inde]M*ndence of the two, since not- 
withstanding the marked contraction of the muscle, the galvanic 
eflects of excitation are but slightly developed under some con- 
ditions — although in the right direction rnegative variation)- 
whih* at other times they fail altog(.*ther, or apjicar as a positive 
variation. From this we must conclude, in viiiW of the preced- 
ing observations, tliat the aniaffonistir, rdation of the iu'o 
sirindtaMOvdy excited in the mvadc way hear a different ralar 
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with respect to the. Tnechanical effects of eijxitatim, ami to the elec.trO' 
motive reaction ; since here the consequences of excitation, and 
there of the simultaneous inhibition, prepondei’ate, or are alone 
manifested. 

We must further point out the analogy between this reaction 
of the adductor muscle and the observations of Fano on the 
cardiac muscle of the tortoise, where, also, there is imperfect 
correspondence between the changes of form in the muscle and 
its simultaneous electrical manifestiitions (66). 

IV. — Secondary Electromotive Action in Muscle 

In muscle (as in nerve, electrical organs, and irritable proto- 
plasm in general) the passage of the electriciil current is followed 
by certain electromotive reactions, which arc intimately related 
with the action current, and are to a certain extent only a special 
form of its manifestation. As early jis 18r>4, Peltier discovered 
that frogs’ limbs, or isolated muscles, or even pieces of muscle, 
developed a current in the reversed direction. 

Du Kois-Keymond (67), who took up the investigation later, 
convinced himself that the secondary current (after-current) is 
not exclusively, if at all, dependent on the polar zones, but is 
also initiated in the tracts lying between tlieni, since he found 
tliat any given section of the intrapolar tract of a muscle 
traversed longitudinally gave an electromotive response in the 
same direction, on opening the polarising current ; accordingly 
lie advanced the view that this elleet mainly depended on so- 
called “ internal polarisation ” 

Many inorganic and organic porous bodies, saturated with an 
electrolyser, do actually possess the property of acquiring if ii/T 

internal polarisation. The polarising current then divides itself 
between the l.iadly conducting, saturating fluid, and tlie porous 
vessel, the latter being polarised from the zones. “Each of 
the countless intermediate points now gives an electromotive 
reaction in the reverse direction from that in which it was 
traversed by the current.” The supeiqiosition of all these partial 
currents results in the branch current, which passes through the 
deriving circuit. Each coextensi^'e tract in any such regularly 
constructed prismatic, or cylindrical, body gives, as a rule, a strong 
secondary electromotive reaction after the passage of the current. 
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It was soon observed that living muscle, tvavei-sed by current, 
behaves in this respect very ditierently from dead organic, or 
inorganic, bodies, more especially in that positive, as well as 
negative, after-curi'ents appetir under some conditions. For the 
investig-cition of polarisation ehects in muscle, du Bois-lleymond 
genemlly used the gracilis and semimembranosus muscles, 
stretched convmiiently. A pair of non-polarisable electrodes 
on each side served to lead in the polarising current, and to lead 
oft‘ the polarisation current. The second pair wen* usually placed 
between the others, within the intrapolar ai*ea. A special con- 
trivance made it possible to alter the period of closun* ” — ij\ 
the time during which the polarising current was sent through 
the object to be polarised — from 0*001 to liO sees. Tlie same 
contrivance effected closure of the galvanometer circuit after 
breaking the battery circuit at a minimal and constant 
interval. 

The secondary electromotive effects observed undei’ these 
conditions of experiment in the muscle are esscmtially (lc]Kiiident 
on the density and duration of the })rimary (uirrent, whil(> they 
are much confused from the persistent interference- of negative 
and positive action. With a current density lower than that 
of two Groves, and with (juite a short closure*, no ]»olai‘isation is, as 
a rule, perceptible in tlie galvanometer. The first trac(*s found 
witli one Daniell and 1 sec. closure uiv negative. Thij first 
positive, traces, on the oilier hand, first apiujar with two (Jroves, 
and about 0’3 sec. closure.'^ 

Witli an increasing period of closure, du Bois-Iieymond frinnd 
that the positive polarisiitioii quickly readied its maximum, to 
decrease more slowly, and pass over into negative polai isal ion, whi(*li 
on its side again rises to a maximnm. lie lixes tin*. “ (-ritieal 
point ” of dusure as that at wliidi jiositive jnisses into negative 
])olarisation. The strongest positive polarisation in Ihese cxiMui- 
ments was at a closure of 0*0075 .sce.s. with 20 Grovi's (!;, tlui 
.strongest negative polarisation at 10 minutes* dosuifj of I (Jrove. 
Short impacts of current (induction shocks) ]»rofluc,cj only positive 
polarisation. 

Both x^ositive and negative jiolarisation are very jxusisUmt, 
and sometimes outlast the oxjening <if the polarising current for 
20 minutes or more. If they are initiated at tlie critical j>oint, 
du Bois-Keymoiid not infrequently oijserved a diphasic ^’ari^iti<)n, 



444 


ELECTRO-PHYSIOLOGY 


CHAP. 


corresponding usually with first a negative and then a positive 
polarisation. Tlfis is due to the fact that from the moment 
of closure onwards, hath kinds of polarisation are simultaneously 
present, but increase in different proportions, “ negative polarisa- 
tion increasing more in ratio with the time of closure, while the 
positive variation is augmented quickly at first and tlien more 
slowly.” 

lJu Bois-lleymond further concluded from experiments in 
which the iqjper and lower half of regular muscles were alter- 
nately traversed by the current, and tested for polarisation, that 
" strong positive polarisation is exhibited in the upper half in an 
ascending, in the lower half in a descending, direction.” Dead 
muscles still exhibit traces of negative internal polarisability 
wliicli is completely abolished only by boiling ; positive polarisa- 
tion, oil tlie other hand, is exclusively cliaracteristic of living 
muscle. Du Bois-lteymond concluded tliat “ it is not electro- 
motive forces, homodromous with the primaiy current, which are 
generated by tlie positively polarisabk*. tissues, but the earners 
of electromotive foi’ces already present (electromotive molecules) 
which are honiodromously adjusted with the primary current.” 

How little these results really go to support tlie molecular 
theory, liowever, is strikingly obvious in the later investigations 
of Hering and Hermann (6iS-G9). Hering proves conclusively 
that tlan'C cmi be no question of intmmal positive or negative 
l)olarisation in a longitudinally traversed muscle in du Bois- 
lieymond's sense, since the actual seat of the electromotive 
changes induced by tlie exciting current lies at those points of 
the contractile substance by which the current enters or leaves 
the muscle (the physiological pole), so that the close relation 
between these phenomena and the polar effects of current is 
unmistakable. 

If, in the same sense as aliove, we regard every change in the 
chemical activity of any part of the muscle-fibre as the sine qua 
iwn of the aiipearance of electromotive action, we shall premise 
that oil sending current througli a muscle with parallel fibres, 
the chemical alteration of the contractile substance recurring 
presumably at the plivsiological kathode and anode will initiate 
diflbrences of potential, which must be discovered when one or 
other end so altered of the muscle is led oft* in connection with 
a point of the unaltered surface of the muscle. The results 
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obtained by Hering from sucli experimeuts on tlie frog's savtorhis 
actually correspond throughout witli this assumption. 

If the muscle is fixed at moderate teusion, and curreut scut 
through it from the stumps of bone on eitlier side, on leading oil* 
from one or the other tendon-end, and from a point on the 
longitudinal surface, tlie muscle current measured previous to ex- 
citation is found on opening the circuit to be considerably altered, 
i.e. increased, diminished, neutralised, or reversed, in eorrespondenct*. 
with the direction, strength, and duration of the exciting circuit, 
and the strength and direction of the original musclti current. If 
the muscle current has previously been compensated, ])ositiv(^ or 
negative increase of tlie ‘‘ polarisiition currents” — eorresi>onding 
with the muscle current — will appear, and may be positive or 
negative, 'i.c. parallel with the exciting current, or oj>p()sed to it in 
direction. Since these have, their real origin in the anodic and 
kathodic points of the muscle -substance, Hering distinguishes 
between ruwdic and hUhodic polarisation. Tlie ibrnier may be 
either positive or negative, according to the strength and dniution 
of tlie exciting cuiTeiit, the latter in tlie majority ol* eases is 
negative only. 

Witli a sliort closure, very weak cnritmts invariably yield 
a negative polarisation current in fresli imisele, so long as only 
the anodic tendon-eiid, and a jioint at about tlie middle ot* tlie 
muscle surface, are in circuit. AVitli stronger (‘xcitation cnn'tmls, 
(Hi the otlier hand, and not too brief closnn^ po.sUIre iiolarisalicm 
only results, whicli increases wiih thr^. sU'cngth of cnrivnt, and 
filially far surpasses the strongest negatives anodic, jiolarisalion. 

Very strong ciinents prodiu'c p<jsitive ]»olarisatioji, (jv(!n with 
minimal closure, while weaker ennciiis, witJi short c](jsui*(‘, exeibj 
negative, or diphasic (first negative, then positive) jKilai'isation, 
and produce a positive (dbH*t after prolong(*.d elejsnre oJily. In- 
duction currents also cause a similar reaction to strong constant 
(Uirrents, with minimal closure, since tla^y only produce j/osilivt! 
anodic polarisation. 

All these polarisation effec^ts faftm'-c.uricnts) are wholly want- 
ing, or appCiar as a trace only, if both l(iading-r)ff elcfTrodes ar(i 
applied to the longitudinal surface of the musehj, without being 
too close to one or the other end of it. 

Since, according to Hermann’s alteration theory, excited 
muscle-substance is negative towards unexcited substaiic*,*, tJicre 
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can be no doubt (in view of the conditions and behaviour of 
the break excitation in muscle) that positive anodic polarisa- 
tion is an expression of the same, i.e, the positive polarisation 
currerd produced hy alterations of anodic points of the contractile 
substance is an action cuirent due to the bi^eak excitation from 
the anode; an action current which behaves very diflerently 
from the action current produced by the make excitation that 
has so far exclusively concerned us. 

The long persistence of negativity in the anodic points is 
most remarkable; it is easily explained by the fact that the 
opening of a constant current under some conditions leads to 
protracted excitation (persistent opening contraction) of the 
muscle. This gmdually declines, l>eing more and more confined 
to the anodic points of the muscle. But even when, as on sending 
in weaker currents, or with a shorter duration of strong currents, 
there is no visible persistent break contraction, or even break 
twitch, there is nothing to prevent us from regarding the positive 
polarisation current in question as the expression of opening 
excitation lasting for a considerable period, — since a low degree of 
conti’action is difficult or impossible of demonstration, especially 
when it is confined to the immediate vicinity of the anodic or 
kathodic points of the muscle, and since, moreover, negativity may 
1)0 present as the expression of excitation, without any trace of 
contraction. 

Hemmiiu’s view of the positive anodic after-current only 
differs from that of Hering inasmuch as, starting with the 
assumption of an intrapolar electrotonus, he derives the action 
current at break from the whole anelectrotonic tnict of the 
niuside. We have already seen, on the contrary, that if the 
currents employed are not too strong, all the changes which can 
collectively be termed “ electrotonus ” are strictly confined to the 
physiological electrode points. 

Kathodic polarisation is almost exclusively negative in striated 
muscle. Tt lii*st appears on leaduig off in the sartorius, through 
which current is passing, from the kathodic end and centre of the 
muscle, with very weak currents, after a closure of several 
seconds, increasing steadily with incixnisc of current and longer 
closure. If it is compared with the positive anodic after-current 
which appears at the same end of the muscle, with equal 
strength, and duration of closure, tlie latter soon becomes by far 
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the stronger. With very strong cnrreiits and long closure, the 
negative kathodic polarisation may become as strong as llie 
equally abteruiinal muscle current which shows itself — the 
electrodes being unaltered — on killing the end of the muscle. 
Induction currents, too, give negative katliodic i)olarisation, but it 
is essentially weaker than the positive anodic polai-isation pro- 
duced by the same strcngtli of current on the siime miustde 
(sartorius). The conclusion therefore is that with gi’owing str(*ngth 
and dumtion of the exciting current, the kathotlic region of the 
muscle (physiological kathode) becomes increasingly more negative 
in coiuparison with tlie centre. If this were an eipiivalent 
phenomenon to tliose of physical, internal polarisation, tlie nega- 
tive polarisation current would — as has been showji — necx^ssarily 
appear in approximately equal proportions on leading oil’ from any 
point of the interpolar tract, and this, as Hering shows, never is 
the case. When the two galvanometer electrod(‘s are. ]>lacetl 
at the margin between the iiiqjcr and middle third of (he sartorius, 
the exciting current being led in as before through the- leones, no 
])olaris<ttion current can be observed, or it is so insignilicant as 
compared with the anodic and kathodic ]>olarisation that it may 
pra(,‘tically be neglected. The relativ(^ly weak eifects in th(‘, iiitci'- 
polar tract on the apjilieration of very strong cnirents, with 
prolonged closure, are sulticiently explained by th(‘ fact that tin*, 
polar points of the muscle art* Jiever limited exclusively to its 
ends, — due ruler alia to the fact that the sartorius not iiilre- 
(pieiitly exhibits short iibres which eml, or begiji, sona‘,where in 
the length of the muscle. On the other hand, tin*, ajipt^aranet*, 
of persistent opening and closure contraction of coujse jmjdnctjs 
inequalititis in the individual ]>arts of the interjiolar region. 
There is thus no reason for assiujjing internal polaris;ition of tlje 
muscle-substance in du J>ois-lJeymond*s stmse. All the pkmumma 
of ncffidive kathodic polarisaiion can he rffrnxd to ckcmm^l altera- 
tion {creUaiionj or local fatigae) in the katlaAic poinlH of thr fibres 
coUcriivcly, 

Xor are the later experiments of du liois-Jhiyinond more 
convincing, in which the application of a cuirent of ten Orovr*. 
cells to the euraiised wirtori us, produces afte-r ]5-25 iniimtes' 
closure “ a secondary electromotive force in the reverse direction 
to the polarising current in every tract of tlie. muscle,’* its magni- 
tude increasing with the lenglli of the tract led oil* For the 



448 


ELECTRO-PHYSIOLOGY 


extent to which the excitability and conductivity of the muscle 
is altered by such impossibly strong currents is sufficiently 
attested by the appearance of tlie galvanic wave under these 
conditions, as well as by the persistent excitation (often excess- 
ively marked and widely distributed over the intrapolar muscle 
tract), in the region of the anode, wliich depends, as was shown 
above, upon the effectuation of secondaiy electrode points. But 
there can liardly be a question, after the foregoing discussion, 
that experiments i:)erformed under such abnormal conditions in 
no way contravene tlie clear and simple result of Hering’s 
investigations. 

Tlie most striking proof that secondary electromotive plieno- 
mena are j)ure itolar effects of current is, however, the fact that 
killing the anodic or kathodic points of the muscle hinders the 
ap])earance of both positive and negative kathodic polarisation, 
exactly as occurs in the opening and closing excitation. The 
negjitivc, and still more the positive, polarisation current thus 
implies integrity of the kathodic or anodic points of the excitable 
substance. 

Hermann pointed this out in regard to the positive anodic 
after-current in musede, designating it in consequence an irrita- 
tive ” negjiti\'e after-current, vs, that derived from true polarisa- 
tion.” Like dll Bois-Iieymond, he derives the latter from the 
whoki interpolar tract, and, after partial passage of current, fi*om 
the extni-])olar region also, in consequence of a polarisation, 
which he takes to be equivalent with certain polarisation j^heno- 
nimia (wfra) that occur in medullated nerves, and can be 
reproduced upon a polarisable wire surrounded by an electrolyte, 
through the sheath of which the current enters. He finds that 
tlie effects upon this (“ core ”) model coincide with the polarisation 
phenomena, both inter- and extra-polar, of muscle and nerve, the 
“ polarising after-current ” being in the first place heterodromous, 
in the second place homodromous, with the polarising current. 

We shall enter more fully into these relations when dis- 
cussing the electrical excitation of nerve ; for the present it is 
enough to say that just as these effects are indisputable under 
certain conditions, so too in muscle, within a given ‘'physio- 
logical ” range of strength of current, the negtitive kathodic must, 
equally with the positive anodic, be designated an “ irritative ” 
after-current, due entirely to polar current action. 
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The earlier, and contrary results of du Bois-lleyinond 
are, as Hering showed, to be referred to the fact that he em- 
ployed two muscles, one of which was entirely, the other at least 
partially traversed by a tendinous intersection. On leading olf 
from two points of the interpolar tract, there must as a rule be 
countless anodic and kathodic points between the contac*ts oi’ 
the leading-oflf circuit, more especially wlien the tendinous wall 
of partition (running oblicpiely to the muscle axis, and dividing 
each of the two muscles so as to form two separate muscles lying 
one behind the other) falls completely within the two galvano- 
meter electrodes. In front of the iiitersectiou the (uirreut 

leaves by the fibres of one of these sepamte muscles, to enter 

again by the fibres of the second. On one side of the intei’- 

sectioii therefore there are countless kathodic, on the. other as 

many anodic, points, and both are the seat of polar changes. 

Here too du Bois-Ecymoiid luis recently tried to give anotlutr 
interpretation from the standpoint of tlio molecular theory, but 
it is so obviously inadequate that he himself' recognised its great 
difficulties, which are not removed by a whole series of acc(*.ssory 
hypotheses. The polarisation eirects in the gracilis muscde are 
derived by this theory — tested on a ‘‘ clay dummy (consisting 
of a round clay stamp, hollowed out in the centre, with the 
patellar tendon of a frog clamped bt>tween il.s two halves) — from 
‘'an axially directed, antagonistic fierce, initiated in each super- 
ficial element of the intersection.” Experimonbil observations, 
however, did not correspond with the theor(*.tical response of the 
muscle, and du Bois-lhiymond was compelled to adopt tlie tlieory 
of a “ false internal polarisation,” for wliich no explanation is 
given. The parelectronomic tract, or layer, on the oth(?r Imnd, 
is the seat of “ true ” polarisation at the ends of fibres. Du Bois- 
Reymond, however, con.sidered it impossible to refei* tliis to tlu^ 
negative variation, because "no such relation s(iems tf) obtain 
between Uie meclianical effects of exciUition and polarisation, as 
must exist if polarisation is to be conceived as the afUn’-edfeet of 
negative variation, or as the negative variation proper.” He*, 
therefore takes no account of the fact that such (jomphde juirallel- 
ism exists just as little between the visM- effects of the oisming 
excitation and the positive anodic after-current, although thme 
can be no doubt as to the causative connection between them. 
Du Bois indeed goes so far as to deny the presence of per- 
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sistent excitation in the sartorius, on the strength of experiments 
similar to the polarisation experiments. This is not the place 
to enter further into the discussion, which may be referred to 
Hering’s recent criticism (68). 

At first sight an argument in favour of du Bois-Eeymond's 
view, and against that of the positive anodic after-current as the 
galvanic expression of the opening excitation, might be deduced 
from the fact that these effects of the passage of cuiTent appear 
equally when the muscle is in deep ether narcosis, a condition 
in wliich the strongest excitation fails to produce any trace 
of visible change of form. Thus it would seem as if the local 
capacity of , reaction in the muscle were not perceptibly affected 
by narcosis (as far as may be judged from the galvanometric 
changes visible); since the capacity of the muscle to yield 
a positive anodic after-current, when stimulated l)y the electrical 
cuiTent, is not merely unimpaired by protocted treatment with 
ether, ljut is even considerably augmented — it subsequently 
remains constant for some time, and only diminishes perceptibly 
at a much later period. If the negative kathodic polarisation 
of the etlierised muscle is similarly investigated, it is also 
found to undergo no diinhiution during narcosis. 

In both eases, liowever, the aj^peamnce of the after-current 
is alfected or totally hindered, {is under normal conditions, on 
killing the anodic or kathodic ends of fibras. In place of the 
positive anodic polarisation, a much weaker, negative after-effect 
may tlien be observed, while no trace remains of the negative 
kathodic polarisation, even with prolonged closure. 

The idea of excitation is so closely allied in the muscle 
with that of active change of form, or at least the possibility 
of the same, that tlie hypothesis of a prolongation of excita- 
bility when contractility has been entirely abolished, encounters 
a priori difficulties. Secondary electromotive manifestations 
appear indeed in a rigidly stretched muscle, but then 
both conductivity and the negative variation are still j)re8ent, 
and the muscle would contract in toto if not mechanically 
hindered. The ether muscle, on the other hand, has not only 
completely lost its power of shortening on excitation, but has 
also become wholly incapable of conducting. The gi'eat majority 
of experiments in muscle and nerve physiology, however, justify 
us in assuming a close relation between conductivity and excita- 
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bility, although on the other hand the oluiiigi's in the two 
functions do not always keep pace, and the one faculty may be 
already abolislied wliile the other is still in existence. AW* need 
only in this connection refer to the fact that in the proc*ess of 
dying, the manifestations of contraction which appear with 
mechanical or electrical excitation become more and more con- 
fined to the seat of direct stimulation, where they are still 
energetic when conductivity lias been entirely arrested (“idio- 
muscular contraction”). This is generally explained on the 
assumption that the conductivity of the muscle disappears, wil-h 
diminishing excitability, before its direct capacity for resjxmse. 
Tlie same thing may be observed in the (unirse of ether narcosis 
also, since electrical excitation in the i*egion of the kathode still 
produces a plain contraction ; although on exciting one end and 
leading off from the other no trace remains of any negative 
variation of the demarcation current, condu('ti\ity is almost 
entirely abolished. In view of these facts it is natural to ask 
whether tlie continuation of polarisation ellecls might not be 
referred to exclusive localising of )>oth opening and closing 
excitation to the extreme ends of the muscle-fibres, tin*, shoitmi- 
ing of which might easily esciipe undetected. Abi such (dlbct, 
however, is indicated hy microscopic ohsevvatiou of lh(i muscle, 
traversed by current, and it may he assumed that with 
sufficiently prolonged etheiisatimi all ]»er(ieptible ti*ac(* of local 
contraction disapjiears (in excitatinii with tlai electrical current), 
although tlie polarisation effei'ts in question may bo observed in 
full vigour before as well as after. AVe may conclude th(*,reforc, 
that tlie raanifedaiioii of the ehainjrs trhirh nuifer/ir. the ofter^ 
current in qifitc inde/intdcnt of the perddenee (f eoniraeiU'dy 
and cond ncti rify. 

This does not, liowever, exclude the view by which ])ositivc 
anodic, and negative kathodic, after -curi'cnLs ai’e I’cgarded as 
the consequences of break and make excitation, bnt may b(* 
brought into agreement with it, if the ])ossibility of localised 
excitation witliout simultaneous cliangc of form in the muscle 
is admitted. Tliis possibility is the less to be doubted since 
the same phenomena also appear under perfectly normal con- 
ditions. AA"^e need only refer to the fact that with <lircct 
electrical excitation of the muscle thme will always be a limit 
of strength of stimulus Ijelow which the current no longer 
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discharges perceptible mechanical excitation effects, although it 
still works changes in the muscle-substance which are expressed 
in other ways, more especially by an alteration of excitability 
at the points of entrance and exit. Further, it is known (as 
Hering pointed out) that the break excitation may be identified 
on the galvanometer as a positive anodic after-current, “ even 
where this is not visible to the eye, nor even perhaps micro- 
scopically.” At all events there are excitations which must be 
termed subliminal as regards change of form in the muscle, 
while in a narcotised muscle the strongest excitation fails to 
develop any directly visible reaction. These facts make it clear 
tliat the relation between contraction and excitation is by no 
means so immediate as might a priori be supposed, but that the 
indirectly demonstrable changes in the muscle -substance may 
occur in consequence of previous excitation, without ];)erceptible 
changes of form. And it is very remarkable in the etherised 
muscle that the polarisation effects described show no perceptible 
weakening throughout the entire period of narcosis. This tells 
in favour of the fundamental independence of excitability in tlie 
muscle from its contractility and conductivity. 

Under these circumstances it is the more interesting that the 
possibility of excitation seems to exist in another and different 
alteration of the muscle -substance, in wliich contractility is 
equally more or less aftected. In this case it is not merely 
the polarisation phenomena under discussion that continue, 
but (where the changes that occur are local, and con- 
fined to the seat of direct excitation) tliere are also changes 
of form in the nomial section of the muscle. We have 
already seen that striated muscle is capable of taking up a 
considerable bulk of water without losing its capacity for elec- 
tromotive response, when irritated, as under normal conditions. 
If the water treatment is confined to one or the other end of a 
sartorius, this end may in consequence of imbibition undergo 
great alteration in its physical proi)erties, without, as we have 
seen above, becoming negtitive to the uninjured part of the pre- 
paration. * This agrees with the fact that excitability towards 
the electrical current is not perceptibly affected, if it is sent 
through the muscle in such a way that the point of direct ex- 
citation is situated at the altered end of the muscle. This is found 
on the one hand from comparing the height of twitch, on the 
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other from the behaviour of secondary electromotive phenomena 
before and after local treatment with water. The mechanicixl, 
like the galvanic, effects of excitation are invaiiably altered in 
the same way (provided the point of direct excitation coincides 
with the injured end of the muscle) by every kind of stimulus, 
localised application included, which produces radical injury of 
the chemical properties of tlie muscle-substance : we are there- 
fore forced into the conclusion that the excitability of the 
swollen section of the fibre does not at first suffer perceptibly in 
the case under consideration. On the other liand, there, is no 
doubt that its contractility diminishes considerably in con- 
sequence of the rigor-like condition of the muscle, even in the 
earliest stages of the water effect. When, notwithstanding, not 
merely the continuance of the positive anodic', and negative 
katliodic after-currents, but also vigorous make and break 
twitches, are observed on sending ciUTcnt in or out at the end 
treated with water, we must inevitiibly conclude that capacity 
for active change of form at the seat of direct (‘xcitation is 
not essential to excitability in tljc Jiiuscle. It follows tliat the 
complete loss of contractility in the etbc'rised niuscdc*, can, as 
little as that of conductivity, be regarded (lujclcn* similar con- 
ditions) as a valid objection to the interpretation of ]K)larisati(m 
phenomena — ^and of the positive or aiiodic after-curremt in 
particular — as the effect of excitation ; tlie loss so since the 
same hicts which tell most decidedly in favour of the vi(;w in 
question can be observed tis well on an etherised as on a normal 
preparation. This applies particularly to th(i conscMjiKMiccs of 
injuring the ends of the fibres. In every ease* it may de- 
monstrated that tlie apjxiarance of tlie jiositivci after-curnmt is 
rendered imixissible when tlie anodic end of tlie ninsele lias been 
killed by any means whatever. 

The results of this diseussion may he summed up in the pro- 
position that strutted miuide under the inflvenee uf ether vttponr 
falls into a condition in v'hich the tt'pplieaUon of an t^eternal 
stimulus jjroduccs no direjUly pereeptiUc elmiujes vdtdher lor a Used at, 
or disknit from, the seal of e^ecitation; irliUe, on the oUur hnnd, 
f/ahanomctric changes, of equal strength u:ith thorn prodtfeeA Inf ore 
narcosis, do appear dernomtraUy oi the point of e.ecitation, although 
in consequence of the nholition of coiulnetAmtg they (ire only loetdiy 
evident. 
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The category of secondary electromotive phenomena is not 
completed with the admission of positive anodic and negative 
kathodic polarisation in striated muscle. In view of the strik- 
ing polar inhibitory effects exhibited under certain conditions, 
not merely in tonically contracted smooth, but also in striated 
muscles under the influence of the batteiy current, it is 
evident that the effects of electrical excitation of such a muscle 
must, in regard to secondary electromotive phenomena, express 
themselves sometimes — under given conditions — as positive 
kathodic, or negative anodic, after-currents. And, in reality, if a 
muscle with parallel fibres is conceived as uniformly excited 
(contracted) in all its parts, it will be as ineffective in external 
electromotive response as in the wholly uninjured state ; if it is 
then traversed longitudinally by current, relaxation occurs 
during closure at the anode, due to quelling of the existing 
excitation, while at the kathode there will subsequently be an 
increase of contraction. On opening the circuit everything is 
reversed, and the inhibition is localised at the kathode. Then, if 
wo picture tlie corresponding end of the muscle as connected with 
the centre by a leading-off circuit, current would flow in the 
same from end to middle — in the muscle therefore in the reverse 
direction, ic, in that of the polarisation cuiTent, ie, positive 
(70). 

Just as the polar inhibition of contraction is best exhibited in 
veratrin poisoning, it is etisy by the same method to investigate 
the galvanic changes produced by the electrical current in a strip 
of muscle, alternately resting anil excited. Instead of poisoning 
the wliole muscle with veratrin, it appears in this ciise better to 
apply it to one end of the sartorius only. Each momentary 
excitation will then, as has already been pointed out, induce pro- 
nounced and tolerably protracted negativity of the poisoned strip. 
If the lower end of the sartorius is taken, and closure of a de- 
scending battery current (2 Dan.) effected for a short time (1- 
4 secs.), after rapidly compensating the veratrin action-current 
developed by a brief excitiition, there follows without exception a 
more or less comidcrablc swing bark in the direetimi of a homodro- 
mous, i,c. jwsilive, aftcr-cifrrent conrs^panding with a imssing or 
permanent dim inution of negativity of the. hafhodic ends of fibres. 
If the period of closure is protracted ever so little, the effect soon 
passes into its contrary, or at any rate becomes diphasic (positive. 
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with negative fore-swuig). There mn he ow doitU that the po.^Uire 
kathodic after -cim'cnt is in this case produced hy an inhibition 
{developed at th-e physiological katJwde at break of the amting 
current) of the eMsting pers'istent e^citatmi, and consequent rdativc 
positivity of the points offih'cs in question. 

As we have repeatedly had occasion to observe, the cflects of 
the changes in the excited nuiscle-siibstance pn)duced under the 
influence of the anode, during closure of the current, are analogous 
in every piirticular to tliose wliich are perceived under the same 
conditions at the kathode on opening the cuiTent. 'I'his is true, 
not merely in regard to change of form in the muscle (wliich in 
both cases may be identified as a localised relaxation), but also of 
the concomitant electromotive phenomena, characterised by indative 
I>ositivity of the entrance, or exit, points of the current, by which 
a negative anodic, or positive kathodic, alter-current is jn-oduced 
respectively. Since the method of investigating secondary 
electromotive phenomena only determines the consecjuencris of 
electrical excitiition after oqwning the polarising current, it is 
evident that — given the conditions necessary to the dis(*.harge 
of a visible break excitiition, e.g, application ot sti’oiigcu* currents 
and longer duration of closure — the positive anodic after-curi’ent 
which this [iroduces will become prominent, while the n(‘galive 
after-current only appeal’s occasionally as ji fore-swing. Only in 
the case in which the appejirance of the break excatalion is 
in any way hindered or j)revented can wc ex pee t to see marked 
effects in the direction of a negative anodic after-current, as, in 
exhausted preparations, or after killing the anodic (aids of fibres. 

It is not therefore surprising tliat muscles which are 
ah initio in a slate of jiei’sistent excitation (tonicj contra(‘tion) 
.should react to current, Inith as rc^gards visilih^ clianges of form 
and galvanic after-effects, analogously with v(*raLriniH(id muscle. 
It is cl(‘ar that the phenomena of inhibition, wliich ajipear 
during closure at the ainxle, on (»pening at the katliode, in 
contracted c<xrdiac, as well as in holothurian, muscle, must corni- 
spond with positivity of the ]>oint.s in ipu^stion as against all 
others; in the adductor iiiuscle of anodonta also (which is 
characterised by pronounced tonus), not only nc^gative anodic, but 
also positive kathodic polarisation must from experimental data 
be reckoned among the regular consef|uences of tlie passage of the 
electrical current (71). 
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As regards preparations wbich are as far as possible free from 
tonus (relaxed), we find as a rule, as in striated muscle, on leading ofl* 
from the kathodic end and middle of the muscle, that negative 
after-currents predominate; these, in consequence of the slow 
disappearance of the peraistent closure contraction, are very 
protracted, and are always most pronounced when the conditions 
are most favourable to the closing excitation. On fresher and 
more tonic preparations, on the other hand, a positive kathodic 
after-current predominates ; it either appeal’s alone, or is intro- 
duced by a negative fore-swing. Like positive anodic, positive 
katliodic polarisation is found to be dependent upon the strength 
and duration of the exciting current, and increases, generally 
speaking, in ratio with it. There is, moreover, an alternation 
between the antagonistic efiects of polarisation at the kathode 
precisely similar to that at the anode, since the negative after- 
current retreats into the background in proportion as the positive 
is stronger, and vi^e versa,. As a rule, it is not. difficult to find 
in any given case a strength of current and duration of closure, 
at which monophasic positive effects alone ai’e visible on the 
side of the kathode. But even then repeated excitation with 
Iiomodromous currents soon brings about a diphasic action, since 
the positive after-current becomes steadily weaker, with simul- 
taneous increase of negative polarisation. 

Ill regard to the anodic after-current there is almost perfect 
correspondence between monomerous striated, and smooth mollus- 
caii muscle, save that every eflect, including the galvanometric 
consequences of excitation, makes its appearance at a much 
higher current intensity in the latter. As a rule the negative 
anodic polarisation of molluscaii muscle increases with increase in 
euiTent intensity, but only within a certain range, beyond which a 
rapidly increasing positive after-current appears, so tliat there is 
once more a diphasic eflect with diminishing phase of negativity, 
terminating with a simple positive variation. This latter, in 
striated muscle, is essentially dependent upon the actual excitability 
of the preparation, i,c. appears earlier, at less strength of current 
and duration of closure, in proportion as the muscle is more 
excitable. With regard to all the characteristics of positive 
anodic polarisation — its dependence, on the state of excitability 
of the preparation, strength and duration of closure of the 
exciting current, localisation at the anode, and greater permanence 
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— there can be no doubt that it must, as in stnated muscle, be 
regarded solely as the expression of the opening cxcitalioii. This 
is also evident from the fact that in perfectly fresh and highly 
tonic preparations, positive anodic polarisation, like the persisbmt 
opening contraction, prepondemtes over the negative katbodic 
polarisation, or expression of the closing excitation (esi)ecially 
at the fii-st stimulation) ; the development of tlie positive anodic 
after-current is also, as in striated muscle, delayed or prevenUid 
by killing the anodic end of the muscle. 

This is not true of the positive kathodic after-current, which 
both in striated and smooth muscle is not merely not wciikened, 
but even considerably augmented by killing the end of tlie 
muscle. 

It is important to the theory of ])ositive kathodic polarisation 
that, as Hering found, there is sometimes, even in the jKtrfeeily 
fresh sartorius of li. cmdenta, and still more in tcmporaria 
(directly after the first excitation with the battery current), a weak 
deflection of the magnet in the direction of a positive*, kathodic after- 
current, which may even attain a considerable magnitude. A 
certain limit of closure is essential, as otherwise (li])hasic or 
simple negative elfects arc produced. After killing tbti end <)f 
the muscle corresponding with the physiologicMil kathode, these 
effects are considerably augmented, and it is then for the most 
part, even on the less sensitive ])j*e)»aration8, t^asy !♦> [mjdiicc 
tolerably strong positive after-currents, on exciting with {i.tl(irmimil 
(admortiil) batteiy currents. They can thus be induced, as it 
were, artificially, by killing the kathodic end of the* inusch*. Since 
in this case the make excitation is entirely or partially (^xcdudcil, we 
cannot, apart from other reasons, admit the jnteri)retation recently 
attempted by Locke (17), who ex]dains tin*. |>ositiv<j kathodic 
after-current as the consefjiience of a jicrsistent excitation wliich is 
longer sustained in the continuity (middle) of the muscle than .at 
the kathodic end. AVe are convinced that the same effects uppciar 
when the sartorius preparation has nnt been previously treated 
with physiologiciil salt solution, which, according to Locke, ]>re- 
disposes the muscle to tetanus contraction. 

After due consideration of all the.se facts, and mon* esp(icially 
of the striking coincidence between the conditions of the entrance 
and mode of manifestation of po.sitive kathodic polarisation in the 
partially veratrinised muscle, on the one hand, and after killing 
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the kathodic ends of fibre in normal striated and smooth muscle in 
the other, we still believe our original interpretation to be the most 
probable, i,e, that here as there we are in face of a condition 
antagonistic to excitation, developed on breaking the exciting 
current at the physiological kathode, and a consequent relative 
positivity of the points at which current leaves the muscle to all 
other points in its continuity. 

The local contraction often shows macroscopically, in all cases 
easily with the microscope, that after killing the ends of fibres at 
one end of a normal, regularly constructed muscle, the immediately 
adjacent excitable sections of the same are in a condition of more 
or less pronounced continuous excitiition. 

From this point of view, however, there is nothing remarkable 
in the appearance of positive kathodic after-currents ; they are 
much rather the immediate and necessary consequence of every 
such injury, on the presumption of a katliodic opening inhibition. 
Such a preparation exhibits no essential ditference in its reaction 
from that of a muscle treated locally with veratriii immediately 
after a momentary stimulus. 

The last question to be discussed is how wc are to conceive 
of positive kathodic polarisixtion in the normally uninjured, current- 
less muscle. Locke’s theory (/.c.), which refers it to a surplus of 
excitation near the centre of muscles treated with NaCl, has 
already been considered. We regard it as answered by identical 
experiments on perfectly fresh, noii-moistened preparations. 

The positive kathodic after-current which then appears under 
cm-taiii conditions, cannot be forthwith compamd with the cor- 
responding effect ill the uninjured molluscan muscle ; for in the 
last case we have a tissue which is in every part in a state of con- 
tinuous (tonic) excitation, while in normal striated muscle this is 
not so. If ill the first we find only the consequences of a 
quelling of the tonic excitation, appearing at definite points, 
and a consequent rdatwe positivity of those points, in the second 
we are forced to take into account a local alteration of the 
'' resting ” muscle-substance, as exhibited in the given instance by 
a positivity of the same towards other unaltered points of fibres. 
As we see at once, such a change at the kathode can, under the 
obtaining conditions, be regarded only as the consequence of the 
previous make excitation, through which the same points of fibres 
undoubtedly become strongly negative ; so that we are forced into 
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the conclusion that tliere is here, as it were, a reaction of the 
living substance towards the preceding excitatioiL 

The results arrived at in the previous discussion of the visible 
effects of electrical excitation in cardiac muscle, as also in ditter- 
ent smooth muscular parts (holothurian and echinus muscle), 
are essentially confirmed and elucidated by these secondary 
electromotive phenomena. For they establish with certainty the 
general validity of those conclusions to which (more particularly) 
the observations on the effects of excitation on cardiac musc'le 
in a state of alternating contraction had pointed. 

The theory of two inhibitory processes anhigonistic to the 
polar processes of excitation, which we found to be inevitable 
re cardiac muscle in systole, now proves to be the simplest 
explanation of the consequences of electrical excitation of striated 
skeletal muscle. This is equally true of the mechanical effects 
of excitation, and of the electromotive after-effects. The two 
methods of investigation, wlicthcr by testing the changes of 
form in the excited muscle, or by ascertaining the slate of 
polarisation at the end of excihition, complete themselves 
reciprocally, so that a satisfactory view of thci natun^ of the 
changes due to current is first obtained from the combination of 
l)oth methods. We must especially remark that a direct pi*oof 
of the existeiice of an antfigonistic process, following or prc(’(*ding 
the excitation, as expressed in correspoiKling changes of Ibrm in 
the muscle, is obviously possible only during pre-existing jxirsist- 
ent contraction, but may in other eases be, ('oncluded very 
indirectly, cjj, by examination of the alterations of excitability. 
On the other hand, the iiivestigiition of secondary electromotivij 
phenomena gives positive evidence of the existen(‘o of polui* 
antagonistic processes in the resting muscle also. 

In conclusion, the positive anodic and m^galive, kathodie 
after-current on the one hand, the positive kathodie and 
negative anodic after-current on the other, are due respectively 
to the antagonistic polar alterations of the mTiscle-substau<;e, one 
of whicli tends to negativity, the other to positivity, of the 
points of fibres implicated. ^J’o tlie former correspond (as 
mechanical effects of excitation) the chjsing and f>]iening con- 
traction, to the latter (where this is a tonic state of contraction) 
the closing and opening relaxation. 1 he one, like*, the other, is 
conditioned by chemical alterations in the excitahle muscle- 
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substance, arising under the influence of current, as to the 
nature of which nothing definite can at present be predicated. 
But while the changes consequent upon closure of the current 
are directly engendered by the latter, the opening effects relate 
essentially to phenomena of reaction in the altered muscle- 
substance itself, and not merely the anodic opening excitation, 
but the kathodic opening inhibition also, must be interpreted 
in this sense. 



CHAPTER V 

ELECTROMOTIVE ACTION OF EPITHELIAL AND (ILAND CELLS 

Even in the muscle it is not possible to make any sharp 
separation between "current of rest” and "current of action,” 
seeing that both manifestations are to a certain extent distinct 
in degree only, and still less can this be ei1ecU‘d witli regard 
to the electromotive action of other animal and plant cells, in 
which differences of potential (irresjxictive of whether tlicy 
appear before or during artificial excitation, and arc reUitivt^ly 
altered in one or the other direction) are always and solely tlie 
expression of chemical dissimilarity in adjac(‘nt jMirts of the living 
coniinuv.m. From this point of view thereion*. it is purely arbi- 
trary, and indeed illegitimate, to speak of the "rest current” 
of a glandular, mucous membrane, or vegetable cell-aggregate, in 
contradistinction to the current of actioji, sijicc^ in ])otli cases 
we have a reaction deriving from the siime cause, ix. the 
presence of certain chemic^il processes of rnettibolism at given 
points of the mass of protoplasm, which are <inly albired 
quantitatively or qualitatively, by direct or iijdirect c*N(atati<aL 
This does not of course exclude the event that witli initial 
absence of current in such parts, dilferoiices of jiotentijil may be 
first called out, as in “ parelectronomic ” muscle, by excitation. 

It is therefore advisable to treat the electromotive reactions 
of glandular and epithelial cells together, without separating 
the discussion of the effects which ajijicar during rest and 
during action, as was convenient in muscle. It is jx;rhaps 
a consequence of the difficulties wtiich the long -prevail- 
ing molecular theory tlirew in the way of any systematic 
account of the facts under consideration, that the experimental 
treatment of this part of the field is quite disproportionate to 
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the development of muscle and nerve physics, although some 
fundamental researches date as far back as the discovery of the 
muscle current. 

There was for long a certain disinclination to attribute 
electromotive activity to cells of which a regular mole- 
cular structure, comparable with that of muscle, could not be 
predicated. Engelmann (72) in 1872, during a discussion as 
to whether the electromotive action of the frog's skin should 
be referred to the glandular epithelium, expressed his reluctance 
'' to assume in cells which, like those before us, exhibit no sign 
of regular, axial arrangement of the particles, any regular; 
electromotive , structure capable of giving external visible 
response," and maintained that the gland-7?M^«c^(?s were the sole 
effectual source of the electrical currents within the glandular 
layer. 

As we have seen, du Bois-Eeymond, whose name once 
more heads these investigations, was led by his attempts to 
demonstrate the supposed ciuTent of rest in uninjured muscles 
in dtn through the skin, to the discovery of the marked electro- 
motive activity of the frog's skin. On bringing any two points 
of tlie uninjured surface of a piece of excised skin, stretched on a 
glass plate, with leading-oli* jiads of salt clay, into unequal 
contiict, he always obtained a current which flowed within the 
skin from the pad last applied to the other. When both pads 
were applied tis nearly as possible simultaneously, the needle 
remained at rest — cojuparatively speaking. 

Uu Bois-Eeymond at once recognised that this effect was pro- 
duced by the non-siinultaneous contact. “ Each point of contiict 
is the seat of electromotive force in the direction of pad to skin, ix, 
inwards ; but the contact of the salt solution acts at the same time 
upon the cause of tlie electric^il impulse. Hence, with dissimilar 
coiitact, there is a current in the direction of impulse from the last 
point of contact, which continues until the difference in impulse 
at tlie two ]ioints becomes negligible." Du Bois-Eeymond 
next obtained much stronger deflections on leading oft* from the 
external and internal skin surface, always indeed in the direction 
from the former to the latter. Here, too, the impulse was soon 
abolished by salt solution, and was ah initio nil when the 
surface of the skin was painted with NaCl before leading off 
fix}m it. The current was equally neutralised by scraping off the 
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epithelial and glandular layer. Since du Bois-lteymond found 
the skin current particularly strong in the toad, where the 
skin glands arc vigorously developed, while the glandless skin 
of fislies (eel, tench, pike, perch) appeared entirely devoid of 
current, the presumption was “that the electromotive activity 
of the skin is in relation with the si>ecial dermic secretions 
peculiar to the naked amphibians.” This view subsetpicntly 
obtained substantial support from the observations of lloseiithal 
(75) and Eober (76). The former found not merely tluit the 
skin glands of the frog and other naked ainpliibians arc the 
seat of electromotive forces, directed invariably from jiioutli 
to fundus, but that the same holds good of tlie mucous glam Is 
of the stomach, so that 'these electromotive forces “may with 
great probability be regarded as an essential ])roperty of 
glandular substance, just as we are accustomed to njckoii 
electromotive forces among the essential vital manifesUitious of 
nerve and muscle.” 

This view is opposed to a later theory brought forward by 
Engelmann (72, p. 97), according to which the “gland currents” 
in (piestioii are of “myogenic” origin, initiated l)y the lay(U‘ of 
contractile fibre-cells which snrronnd each glandular ])ody exter- 
nally. Engelmann tried to make good this interpretation, which 
of coui'se stands and falls with the pre-cxisUnce theory, from a 
long series of excellent observations, to wJiicb W(* shall lVe<iuently 
have occiision to return in the secjuel. Yet it is incontestable 
that even from the standpoint of the ])re-existeiic(i tlieory, llie 
reaction of the skin current r)f the frog Udls against ratlier than 
for Engel maun's hypothesis. 

ITcrmaini, again, proposes “ that it is not, or not pn^-emimmtly, 
the glands, but the cinthdlal layer whi(di is (<luring rest) the seat 
of electromotive skin actioij.” Tin* reasons whicli originally 
compelled du Bois-Iieymond to regard the glands as the essential 
cause of the skin currents in naked amphibia, i.e. absence oi‘ the 
same in the “non-glandular” skin of fishes, were b(diev<*d by 
Hermann to be i)ut out of court by tlie <lemonsU*alion of a regulai-, 
ingoing skin current in a great nunil)er of the fishes i^xamined 
(75). To this it might certainly he ohjocted that the skin of tb** 
fish is not really glandless, but contains innumeialde tmicellular 
mucous glands (“goblet cells”), which in many cases may be 
regarded as one large, sui>erficially flattened, mucous gland 
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(cf. F. E. Schultze, 78). And since we know that neither morpho- 
logically, nor with regard to physiological function, is there any 
fundamental difference between uni- and multicellular mucous 
glands, it is natural to regard the rest current of the fish’s skin as 
referable to the goblet cells which function as unicellular glands. 
Hermann actually does this when, in terms of the alteration 
theory, he reckons each partial mucin metamorphosis of single 
cells, as well as the elements of the secretory glands, as a source 
of regular' electromotive action, a force “ which, entering by the 
free epitlielium, is directed in the gland from lumen to matrix.” 
Such currents are, in fact, demonstrable wherever mucin- 
forming cells, or glands, are present (skin of fish and naked am- 
phibia, tongue, mucous membrane of throat, stomach, and cloaca). 
And that electromotive action may further, in Hermann’s sense, 
be predicated of other non-glandular epithelial cells seems to be 
established by the recent researches of E. Waymouth Reid (88). 

Seeing that, with the exception of the plant currents to be 
considered later, the experimental data of “cell currents” are 
founded almost solely upon electromotive action in uni- and 
multicellular mucous glands, the details of these observations 
must l)e examined a little more closely. The most appropriate 
object for experiment is perhaps the tongue of the frog, with its 
wealth of goblet cells and mucous glands, in which, moreover, it 
is easy to expose the secretory nerves. As regards the opinion 
expressed by Engelmann {supra) of the origin of skin currents, 
it is notable that the lingual glands containing characteristic 
mucous cells lie free of muscle in the connective tissue immediately 
under the surface, the pipilhe of which are covered with a single- 
layered epithelium consisting of goblet and ciliated cells. The 
mucous, viscous content of the glandular membrane is everywhere, 
as appears from transverse sections, in direct connection with the 
mucous layer covering the surface of tlie tongue, as we should 
expect from the wide mouth of the glands. The epithelium of 
the under surface of the tongue, turned to the floor of the mouth, 
is also rich in goblet cells. 

Various methods may be employed to investigate the “ current 
of rest ” in the tongue, as will presently be descrited. Speaking 
generally, we may picture the siu'face of the tongue as a freely 
and irregularly folded surface, covered in its whole extent with a 
single layer of secretory cells, intermixed sparsely with ciliated 
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cells. The glands thus appear merely more or less deeply pitted 
in the continuity of the layer of cells, from the inner surface of 
which it is possible to lead off, since, as wjis said above, the 
secretory layer covering the tongue is nearly everywhere in direct 
connection with the fluid contents of the glandular mejubraiie. 
If the tongue is excised at the root, and stretched upon any 
indifferent conducting surface, such as a block of salt clay, we 
shall obviously have to test the electromotive action of the 
epithelium of the whole upper surface (which clothes not only 
the glands but also the papilhe lying l^etween them), even if 
the inferior surface of the tongue were not invested with a simi- 
larly constructed, even layer of cells, the sijigle elements of which 
are generally placed symmetrienlly with those of the upper 
surface. Between the two lies a thick layer of connective 
tissue and striated muscle, which, under normal ciicnmstances, 
must be regarded as n on-electromotive. 

In every case, therefore, it is possilJe to lead off from ilie 
basal part of the individual cell-elements of the*, uppin* and lower 
surface of the tongue. On tlie assum])tion <>f a pcrJ’ectly ec|ual 
electromotive action of the cjuthelium of both surJac(fs (a hypo- 
thesis which must, however, be ext'ludcul on account of tlie vciy 
diflerent mass -relations of the cell layeis in »[ucstion), thci’c 
would, of course, be no elfect on leading olf from two symme- 
triadly opposed points of the upper and ]ow(*r snrfm'C. The web 
of the frog's hind-leg, i'jj,, on leadiiig oH from both sidc^s, gives 
only weak and irregular electrical (;jf(jcts on artc.caint of its 
symmetrical structure. The tongue, on the contrary, iimhir tlie 
same conditions, yields almost invarialily a sti-oiig ciu rcmt dii*(;(5ted 
in the leading-olf circuit from under to u])j>er surface, i.v, an 
'^entering” current in Hermann’s sense, wliich often sends th(j 
scale far out of tlie field of vision. Since, as will be gatheied 
from the following, tlie lingual (•urrents undergo very considiirable 
alteration from the mo.st insignificant mecliaiiical impac;ts, it is 
essential to proceed with great caution, avoiding the, slighU^st 
pull or contact. The following was, in our experiments, tlie 
most convenient method of leading off from the excised tongm^, 
through which blood is no longer cinnilating. Th<i frog was 
weakly curarised, until it just lost power of movement ; tlie 
external skin was then carefully removed along tiuj wliole region 
of the lower jaw, to exclude any possible complication from its 
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electromotive action, — the jaw was exarticulated and divided 
by a sharp cut below the apex of the tongue. It is true that 
muscles are injured by this method, and that current may diffiise 
from their stumps into the galvanometer circuit ; but the ett'ect 
of this is practically negligible against the force of the lingual 
current, as shown by control experiments in the siime preparation 
when the tongue has been removed. The lead-oft* is accomplished 
as follows : the lower jaw, with its under surface, is placed on a 
block of salt clay of corresponding proportions, which admits of 
a letid-ofl* from the lower side of the tongue, by the floor 
of the mouth, when one brush-electrode is brought into contact 
with it, while the other is applied to any given point of tlu^ 
upper lingual surface. It should be noticed that the floor of the 
mouth on which the tongue is lying is itself invested with a 
mucosa rich in goblet cells, and therefore gives electromotive 
reaction. But if the tongue is cut out at the root, and the lead- 
off ellbcted as before from the clay block and surface of the 
mucous membrane, which had previously been covered by the 
tongue, there will usually be very slight deflections only, in one 
or the other direction, so that the disturbance is negligible^ 

There ciin thus be no doubt that, however the lead-off from 
the tongue is effected, the results observed are produced respect- 
ively by the electromotive activity of tlie surface epithelium in its 
widest sense (epithelium of glands and papilla?), even if the 
absolute intensity of this latter is modified to a degree that 
cannot always be exactly determined, by the unavoidable in- 
clusion, on leading off, of other electromotive elements. This is 
most clearly shown in the fact, that (in every experiment arranged 
as above) the current, which sometimes makes a very vigorous 
entrance, driving the scale tar out of the field of vision, dwindles 
after destruction of the surface epithelium into irregular traces, 
though neither the epithelium of the under surface of the tongue, 
nor that of the floor of the mouth, can be perceptibly affected by 
it. On the otlier hand, it is easy to ascertain that even little 
scraps of mucosa, snipped out with a flat scissor-cut from the surface 
of the frog’s tongue, and examined, after a short rest, on a bed of 
salt clay, are, just as much as the tongue, the scat of a strong 
ingoing current. Thus we may regard it as certain that the 
normal cuiTent of rest in the tongue is essentially due to the 
electromotive action of the surface epithelium, its glands included. 
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As regards the strength of the “ rest current ” under various 
conditions, a very brief observation of the object in (Question makes 
it plain that the electromotive I'eaetiou is far more dependent 
upon external accidents and internal changes tlian is the case 
with the muscle current. The individuality of the frog, its state 
of nutrition, temperature relations, the time of year, and other 
circumstances, ailect the currents of the mucosa so strongly tJiat 
the results are extremely variable. 

Oil comparing the muscle current witli that of the lingual 
mucosa, the most striking point is the great inconstancy of the 
latter, apparent in every kind of lead-olf — most of all, howevm*, 
by Hermann’s method {siqmt) of leading oil* Irom the uninjured, 
weakly ciirarised frog at the upper surface of tlie tongue, jmkI 
any indifferent ]ortioii of the body (from winch tln^ skin 
has been removed, but whicli is otherwise totally uninjured), 
such as the muscles of the thigh or leg. If, iirnh*)* these con- 
ditions, the entering current of rest” is at all vig<u'ous, the 
scale will hardly remain at rest for a monieiit aftm* eompensii- 
tioii, but swings in the direction of now increase, now decriiasj?, 
of the existing current. Tliese oscillations, which am somctiiinjs 
merely indicated, may in other cases extend owr many degrt^es 
of the scale, while during the obs(‘n’^atioii the ciirrimt of rest 
may take up a perfectly dinereut mean. Sojuetiines Mui an I agonistic 
deflections occur witli a tolerably regular rhytJjui, lait in most 
cases this is not recoguisabh*. The possibility tliat tlie lingual 
glands may, as has been slunvii, be iimervahul froju the cenlral 
organ, suggests that the effects descriluMl may lx* due to a eeulral 
excitatory impulse; the oscillations, howeveu’, also ap|M*ar, though 
as a rule fcchly, in the ])re)>arations of the lowm* jaw desm*ihe.d 
above, so that in any case their imiiKMliate caus(i jjiust lx* souglit 
in thr ioiKjnc Uself. 

If the lingual rest current is h^d olf as above from the wlioh* 
uninjured frog, the lower jaw being drawn ])ack as lar as possible 
by means of a thread passed through close io tla^ toiigTu% wliile 
the animal lies oji its back, the currejit, immediately after aj>plyiiig 
the electrodes, is almost invariably found to he lapiilly incnjiising, 
and it may ha])pen that a c,urrcnt which is extremely weak wIkjh 
the throat is lirst opem-d, will drive the scale out of the held a 
few minutes later. On taking off* and rcfflacing tlie ele<dro<le in 
contact with the surface of the tongue, at the same or any other 
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point, a regular diminution may be observed, with subsequent 
increase of current. The explanation of these effects can only 
be given in connection with other facts to be communicated later. 

The marked effect produced by chariges of temperature upon 
the electromotive action of the frog’s tongue claim fuller dis- 
cussion. If a curarised frog is kept for a. long period (several 
hours) at a low temperature, the tongue, if examined as quickly 
as possible, will often exhibit a reversed, i.e. outgoing current of rest, 
which is frequently no less strong than the previous normal 
incoming current. As a rule, this reversed current diminishes 
pretty quickly as the preparation gets warmer. A short stage 
occurs when, under the given conditions of leading off (surface 
of tongue and exposed muscles of leg), no difference of potential is 
visible, after which the normal entering current gradually develops. 
The strongest reversed effects are obtained when weakly curarised 
frogs are packed in snow for some hours. If the lingual current 
is then investigated as above in the uninjured animal as quickly 
as possible, before any heat effect becomes visible, an extraordin- 
arily strong deflection, far exceeding the scale, may often be 
seen in the direction of an outgoing current. And if such a “ cold 
frog ” is left in a warm room, the normal entering current will 
develop, as has been shown, more or less quickly. These 
experiments led to the further testing of heat and cold upon the 
excised tongue, using throughout the preparation from the lower 
jaw. Since 0*5 % NaCl solution was found to be tolerably 
indifferent for electromotive action of the tongue, immersion 
for hours in this fluid producing no noticeable effect, the simplest 
method of warming or cooling appeared to be to place the 
preparation in solutions of the same molecular strength at 
diflerent temperatures. And this showed, without exception, 
that every preparation that had previously acted strongly in the 
normal direction now became currentless in the shortest possible 
interval, developing indeed in most cases a reversed (outgoing) 
current, provided it wei’e placed on snow in a watch-glass filled 
with physiological salt solution, and covered mth a bell-glass for 
some liours at low temperature (0-2'' C.) The same result is 
also obtained if the preparation on the clay block is simply 
placed for several hours in a moist chamber in a cold, but not 
frosty, room (at about 2-4° C.) In every case the outgoing 
current of rest can l)e reversed almost instantaneously if the 
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preparation is immersed in physiological salt solution at about 
20-30'* C. These experiments involuntarily recall Matteucci'a 
statement of tlie effect of cooling upon the muscle current. 
Without denying this, we must however point out the enormous 
difference in degree which is apparent in eitlier direction, in the 
two cases. The “ rest current ” of the muscle (ic. the demarca- 
tion current of Hermann) is certixinly weakened by intense cool- 
ing, but is never abolished, much less reversed in direction. 

We have found that preparations of the tongue, which, wlien 
freshly examined, exhibit strong electromotive action in the normal 
direction, afford reversed currents less I’cadily on cooling tlian 
those whose activity, from long immersion at a not unduly higli 
tempemture, is already considerably diminished, '.rims wt‘ j‘onnd 
throughout that the frogs best suited to these*. exp(‘riments had in 
every case been’ kept for a long time during the wintci* in a. warm 
room. “ Cold frogs ” ncurly always afforded prepai-ations, which if 
fresldy examined gave very strong and com])arativcly constant 
currents, opposing, as it were, a greater I’csistancci to tlie inHuenc'c 
of cooling than the equally strong, or even stronger, rcist currents 
of “ warm frogs.'* Witli this niay ))erha]>.s Ik*. comuH-Uid the feet tluit 
spring frogs packed in snow usually yield a miudi stimiger mit- 
going lingual current than wint(U‘ frogs. Tie; lath*!*, how<jvi‘r, 
according to our experiences, may lx* easily tlirown into a 
similarly favourable disposition, if they arc; kejjt for two or three 
days before tlie experiment in a warm room near the stove. Then 
on leading off tlie tongue current the dcilcftion obtained will 
often be as marked, in the same direction, as in cold frogs, only it 
is, so to speak, in lalnle equilibrium. On cooling, it giv(*s way 
much more quickly to the oppfjsite current than in fresh, cold 
frogs, where it is sometimes r[uite impossibhi to abolish the 
normal entering curnmt by the methods of cooling dese,ri]n*d 
so far. 

This docs, however, occur w-ithout exeejition, if melting snow 
or ice is brought into dircK;t contact with the snifaee of the 
mucosa, and we have never met with a case in which, under 
such conditions, there was not a real Tcw'crsal of the normal rest 
current. In detail, however, the niaction in different pniparations 
varies considcvalJy in its proportions, wherein tin* effect of the eou- 
ditions already cited is once more evident. We have found it most 
convenient to introduce small, even plates of ice — not too tliick 
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(as may easily be obtained by freezing thin layers of water) — 
as carefully as possible between the tongue and the leading-off 
electrode. The current will then sink almost instantaneously to 
zero, and is, as a rule, revei’sed in a few seconds. The new out- 
going current may sometimes be of such dimensions that the scale 
flies out of the field. If the single application of ice is not 
sufficient, repetition of the treatment is sure to be success- 
ful. After the ice has melted, the reversed current generally 
diminislies rapidly, and finally turns round again as an entering 
current. The diminution, which occurs more rapidly at first than 
later, is not always uniform, but takes place with more or less 
considerable oscillations. 

If the facts previously communicated are decidedly in favour 
of the view that we here have mainly an effect of cooling, tlie 
obvious objection must l)e answered that contact of the electrode 
with the melting ice might give rise to a '' thermo-current.” This 
conjecture is the more probable, since currents are actually known 
to exist in consequence of the unequal warmth of the leading-off, 
unpolarisable electrodes. Not merely are important thermo- 
electric effects caused by unequal temperature in the two tubes 
contfiining the glass-rods, but — as found by Wonn-Miiller and 
verified by Griitziier — a weaker thermo-cuiTcnt,” revei*sed in direc- 
tion, may also arise between the clay plug saturated with NaCl 
solution, and the solution of zinc sulphate. It passes from zinc 
sulphate to clay, witli an E.M.F. of 0*002 Dan. at 35° difference 
of temperature. Control experiments, effected for the most part 
with the clay block alone, as well as with dead, electrically in- 
effective j)reparations of the tongue placed upon it, gave only 
weak deflections in the same direction as before the experiments 
in question, ie. the cooled electrodes were, so to speak, weakly 
positive. There is not, however, the smallest reason to refer the 
very marked action of normal preparations to this cause. Apart 
from all the other reasons that liave been given, it is only 
necessary to point out that the full effect of the outgoing current 
appears also in tlie case in which the l)rush- electrode is first 
brought into contact with the tongue some time after it has been 
laid upon ice (after removing the water of liquefaction), when a 
marked deflection at once follows in the expected direction, and 
finally drives the scale off the field — which can hardly, in this 
case, correspond with any difference in temperature. Moreover, 
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in preparations of tlie lower jaw, whieh by alternate freczin*^ and 
thawing had been rendered perfectly currentless, and had lain for 
some time in salt solution warmed to the temperature of tlic ro<mi, 
even repeated application of snow or ice lea\'es hardly any trace 
of an outgoing current. 

From these observations we may take it as proved that the 
regular entering current of the mucous membrane of the Irog’s 
tongue is not merely diminished to zero with extreme ra]>idily 
when sufficiently cooled, but may also be reversed — wlien tlie 
reversed current, under some conditions, reaches tlie sanu' jno- 
portions as those of the original “normal’' current. 

Tn the experiments last quoted, the surface of the lingual 
mucosa was moistened with the wa-kn* of the melting ice, so that 
it became necessary to consider whether the results of the I'xjxui- 
ment were not due, at least in ])art, to tins iiicto)’. d'hat it was 
certainly not the main cause is amply proved by t he faids abovi* 
stated, but the strikingly rapid reversal of the current, as w(dl as 
its E.M.F., might be partially due to a water elTwd;. Wt* a('cordingly 
examined tlie effect of tlie varying bulk of watei* on tins (*h‘ctro- 
motive properties of the lingual mucosa iluring “ i-est." Fng(d- 
manii (72) had already made an excellent scuies of o)>S(‘rvations 
with the same object on the skin of the frog, to which we shall 
return later. These relate to the action of watei’, and ol' dilferent 
concentrations of salt solution, ujxni the equally ingoing currtuit 
of rest in the skin. Since, as W(; shall iind, there is in evmy 
respect almost coin])lete agi’emnent bcitwi^en tlui clcf'tromotive 
action of the external skin, and the tongue*, of the frog, it might, 
be assumed a priari that the same would he the case with regard 
to the effeets of addition and suhtractioii of water. < )wing 
to the extraordinary sensitivity of the lingu.al inuC'rjsa (m/)v) to 
the slightest mcclianical stimulus, tlie fluid to lx*, testcrl must 
not simply be poured on, or applied with tin? brnsli (wliicli Wf>uld 
easily lead to the worst fallacies;, hut the ineparation must lx; 
di])ped into watch-glasses containing the required soliitions. 
After a sliorter or longer batli, the lingual current is te,st(*d again, 
as described above, by leading off from a clay b(;d and the 
surface of the inuco.sa. While normal 0*0 / XaCl solution 
is indifferent for the tongue also, in so far that the ])ow«^r of 
giving electromotive reiictiou will ]jcr.sist for Ijoujs and (*vcri days 
if the temperature is not too liigb, the h.M.I\ of the ingoing 
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mucosa current is always considerably increased if — after the 
deflection has been rendered approximately constant by long: 
immersion in ordinary physiological saline — a semi-normal {Le. 
0*2~0’3 y^) NaCl solution is applied: still more so if spring 
water or distilled water is employed. 

A single drop of distilled water applied with the leading- 
ofif electrode to the surface of a tongue previously treated with 
f)hysiological salt solution is sufficient to produce a strong positive 
variation of the mucous current, although the resistance in the 
circuit of course increases considerably. Even long immersion in 
spring water not merely fails to weaken the normal current, but 
may even maintain it at a permanently greater E.M.r. than 
0*6 y^ salt solution. It is therefore out of the question that 
the antagonistic effects above quoted should be due to the action 
of the water of liquefaction, when the mucosa is cooled by the 
application of snow or ice. Such solutions aS contain salt enough 
to cause dehydration, to a gimter or less degree, of the tissues in 
contact with them, produce a reverse effect from water or highly 
dilute salt solution. With such we always And (e.g, with 0*8- 
1*5 y^ NaOl solution) a cojni)arative]y rapid fall of E.M.F. 
in the ingoing tongue current, which, between certain limits, 
rises again with equal rapidity when water is added. 

It is very remarkable that in thus case also, as on ener- 
getic cooling of the tongue, there may be a true reversal of the 
normal ingoing current, although the strength of the opposite 
current is generally far behind that produced by the action of 
cooling. It is possible in the same preparation, by alternate 
immersion in 1 ^ and 2 ^ salt solution, to give a success- 
ively incoming and outgoing direction to the current many 
times over. As a rule, a few minutes are sufficient to initiate 
these changes. Engelinann had already found in the frogs skin 
that very low differences in concentmtion of the salt solutions 
produced extraordinary alterations in electromotive response, 
from which we may conclude a singular sensibility of the active 
elements concerned, with regard to changes in the water content. 
It is well known that even while the frog’s tissues are living, 
water may be drawn out of them vigorously by injecting strong 
solutions of common salt or glycerin at the back of the head. 
Half a cc. of the latter injected into the dorsal lymph-sac of a 
curarised frog is sufficient in a short time (1-2 hours) to draw 
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oflF so much water from the watery tissues of the tongue, that 
they appeiir visibly shrunken and darker in colour than under 
normal conditions. In this state the entering current of the 
mucosa is always very weak or whoUy wanting. 

These last appearances lead directly to the consideiutiou of 
the mode of action of other subshinces which produce chemical 
metabolism in the living cell. In the first place there fire the 
two gases which play such an important part in the vital processes 
of the organism, oxygen and carbon dioxide, whose si)ecial signi- 
ficance for certain electromotive reactions of plants and annuals 
is well established. Engelmann showed that on dj-iving out 
oxygen by an indifferent gas (N or H) the E.M.F. of the skin 
current sinks gradually, increasing again (juickly m s(K)n as 
atmospheric air is reintroduced, until the initial luught is not- 
only reached, but even exceeded. CO.,, on the otiicr hand, pro- 
duces an extremely rapid fall of E.M.E., which is only arrested 
when the surrounding atmosphere contains a. low jiercentiige of 
the gas. A similar effect of want of O has heen recently 
demonstrated in plant currents hy IJaacke 1 802, Heft 

iv.) We can attest a similar effect of tlies(‘ two g,is(‘S n))on tin* 
frog’s tongue. The method of expej'innnt was ess(mtial]y based 
upon that of Engelmann ; the ])reparatioii (lower jaw and tongue 
lying on a block of salt clay) was placed with the h^ading-off 
electrodes in a gas-chamber, consisting of a glass vessel, with lour 
tubes, through wbieli the gases could b(^ led into tin* chandKU’. 
The EM.F. of the incoming lingual current iiivarial)]}' fell on 
driving ont 0, as ’well as on introducing in llu*, lirst 

case rather slowly, in the second, on the contifiiy, very rapidly. 
This simple contrivance may also be? (mijiloye«I fur testing anm- 
thetics (ether, chloroform): even a small cjuantity of thesi*. sub- 
stances in the form of va])our ]>rodnces a <M)nsi«JerahIe, diminution 
of E.M.F. in the entering current, which, if the action dents not 
last too long, is restored by <lriviiig j>ur(i air through tlie 
chamber. 

The mucosa of the throat and clojiea of the frog giv<t precisely 
similar relations. Engelmann (77) had ju’eviously demonstrali'd 
electromotive effects in both these premia rations. Again, in both 
cases, we have, under normal conditiojis, an “entering” eurjcjit, 
often of considerable E.M.F., and hariily below that ol the lingiifil 
current. Yet the histological slrncture is widfOy dillitrent. Eotli 
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in throat and cloaca the mucous coat is “glandless” in the 
ordinary acceptance of the word, there being in both cases only 
a single layer of cylindrical epithelium, consisting in the throat 
of ciliated cells with goblet cells interspersed between them, in 
the cloaca almost exclusively of the latter. Multicellular glands 
are entirely wanting. From these very reasons the preparations 
afford much more obvious and simple conditions of leading-off 
than the lingual mucosa, so that certain objections to which the 
latter is fairly liable drop out of court without prejudice. Since 
in the chjacfil mucosa ciliated cells are altogether wanting, while 
its electromotive action coiTCSjponds in every respect, on the one 
hand with that of the ciliated mucosa of the throat, on the other 
witli the sparsely ciliated lingual mucosa, we cannot but conclude 
that in all three Ciises the true electromotive elements are the mucous 
cells, whether p^^escTd as elemmts of compo^ind glands, or as goUet 
cells. But it was necessary to test this view, inasmuch as Engel- 
maim held the ciliated cells themselves to be the active electro- 
motive elements, and was inclined to derive the throat current 
from them. Hermann, too, indicated as a possibility that the 
ciliary movement miglit be regarded “ from the point of view of 
an (‘ irritative ') alteration occurring in the extei‘nal cell-layers.” 
Our own observations do not, however, bear out this suggestion. 

The iiKithod of investigation both in throat and cloaca was 
extrciinely simple. Engelmann, as a rule, separated out the 
mucosa from tlie layei*s beneath it, and led off from the inner 
and outer surfaces of tlie membrane stretched over a cork. 
But even witli tlie greatest precautions this entails some 
mechanical injury, and since — as we have frctpiently experienced 
— the intensity of electromotive action in the mucosa is affected 
to an extraordinaiy degree by even the slightest stretching 
or tearing, it is preferalile to lead off from the mucosa m 
sila. For tliis it is only necessary to remove the outer skin 
of the head as far as the wall of the upper jaw, so as to avoid 
any accideubil interference from its electromotive properties, and 
then to cut out the whole upper jaw by as deep a section as 
possible. This is placed in a watch-glass in a little 0*5 % 
salt solution, with the mucous surface uppermost, after which it 
is only necessary to dip one brush-electrode into the latter, while 
the point of the other is in contact with any point of the mucous 
surface, in order to lead off with as little disturbance as possible. 
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Under these conditions the entering current is much stronger 
than in the separated membrane, and the only doubt can^bc 
whether electromotive action of other parts (injured muscles, 
etc.) may not he involved in it. Such interference can easily be 
excluded if the same prepamtion is examined, as before, after 
destruction of the surface epithelium, or the entire removal of the 
cUiated mucosa. We have never then obsei-ved any marktul 
differences of potential, so that this objection must be regardcal as 
unfounded. The mucous coat of the cloaca, is usually examined 
by slitting the cloaca longitudinally as cautiously as ))ossil>l(‘, and 
spreading it out on a clay block without actually toiiclnng llie 
mucous surface, which can then be led oiV as usual. 

Up to a certain point the mere look ol‘ the mcmbi’ane will 
show in the one case, iis in the othei*, wb(‘lJ)cr it will yi(*ld a 
strong or we^ik current. If the mucosa of Ihc throat (as is usual 
in winter) looks transimreiitly pink and moist, and tla*. c.loiu‘a. 
is filled witli soft or liquid matter, a strong current may b(‘, 
reckoned on with tolerable certainty ; but if, on the ('oni.rary (as 
is usual in summer with frogs that have b(‘(*n in band a long 
time), the ciliated mucosa is dim and pah?, or tlic cloaca ('.onlains 
only a few hard excrehi, the <‘ijtering curnait-, jdtiioiigli gcmually 
present, will be extremely fe(?bl(‘. This seems a dirc^'t indication 
that the secretory activity stands in both cases in immediate and 
close relation to the eloctroniotivc action of the mucous mcmlaam^. 
To this it must be added that the ciliary movcimmt often 
occurs normally, as far as may be judged from the miward mov<*- 
ment of blood platelets or similar bodies, while? the (Uibaing 
current is quite, or almost, wanting; and we liav«*., on lh<* either 
hand, though moi’c rarely, obs(irv(*fi cases i)i which, notwithstand- 
ing a weak ciliary motion, the K.M.R of tin? curnujt w’as unusually 
high. The mucosa in this case was invariahly cov(*re.d with 
a tolerably thick layer of slimy secrefion. It wc»uhl a]»p(?ar 
that the mechanical injuries associate.tl with f*x])osure and 
extension have a much less peinicioiis (tlhict u]>on tin; ciliaiy 
inovemeuts of the muc(»sa of the throat tban u|)oa its electio- 
motive action. AVe have fi'cquently obsei ved in tlurse pr(*para- 
tions that the ciliary motioi) conthmes for liours witli tbe utmost 
vivacity, while minimal defh^ctions alone, imlicate, tlir* j»re,seiiee. (A 
a weak entering ciUTcnt. Tlie eire<as of jiilocmpiu poisoning may 
also be quoted in favour of the view here advanced, which regards 
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the entering “ rest current ” of the throat mucosa as a ‘‘ secretion 
current/’ The lingual current is usually found at a certain 
stage of pilocarpin poisoning (two hours after injection of 
1 cc. of 2 ^ solution of pilocarp. muriat.) to be extremely 
vigorous, and the same is true, accotding to our experiences, of 
the throat and cloacal currents. The deflection is normally so 
strong that the scale flies off the field. 

Since there appears from the above experiments to be no pro- 
portion between vigour of ciliary movements and intensity of 
electromotive action, while the observations of Engelmann, which 
seem to indicate such a relation, are capable of quite another in- 
terpretation, we have so far failed to discover any reason why the 
entering current of the mucosa should be referred to any other 
cause than the liomodromous lingual or cloacal currents, unless in 
the sequel there proves to be similar electromotive action on 
the part of a membrane consisting only of ciliated cells. Wc 
have seen that the uniformity of electromotive reaction in 
the two preparations in question, and the lingual mucosa, is 
almost perfect. This is true not only of the . inconstancy of the 
current, but also of the effects of cooling and excitation. In 
nearly every case in which the EM.r. has reached a certain 
height, oscillations of the magnet may be observed, from which 
we may conclude the presence of heterodromous forces, the sum 
of which corresi)oiids with the momentary deflection. And 
just as this magnitude altei*s with time at one and the same 
point, it may yryj at different points of the mucosa at the same 
moment. As a rule the entering current of the cloacal mucosa 
is far more vigorous than that of the throat — as might be 
expected a priori if the unicellular glands (goblet cells) are to 
be held responsible for it. 

Engelmann had observed that this current is weakened by 
cooling, but it escaped his notice that under uniform conditions 
a total reversal may be possible. In fact, nothing is easier than 
to convince oneself that by laying a preparation of the upper 
jaw in 0*5 ^ NaCl solution cooled to zero, the strongest 
entering current may be made to disappear in the shortest pos- 
sible time (5-10 minutes). Immersion in warmed salt 
solution (about 25 — 30° C.) calls back the normal current 
almost instantaneously. In order to produce an outgoing” 
cun’ent of any considerable proportions, it is, as a rule, necessary 
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to make use of melted snow or ice ; it also depends conspicuoiish' 
upon certain conditions in the mucosa, which again arc due to 
environment during the life of the frog. In the throat, 
as in the tongue, the best and most convincing results are 
obtained when the preparation is taken from a warm frog, and 
the original entering cuiTent not too pronounced. Accord- 
ingly the frogs (B. temporarm, not ciirariscd) intended for this 
experiment were usually left two to tliree days in a warm 
room near the stove. In order, as iar as possible, to avoiti 
mechanical excitation of the mucosa by friction or pressure, it 
was found best to apply loose molting snow, a lump of which 
was placed upon the mucosa of the 8kinm‘d u})j)cr jaw, mid 
several times renewed before tlio current of j-est was tested. 
The water of liquefaction is carefully removed with a brush, and 
the leadiug-bff electrodes arj-anged in such a way that they are 
divided by a not too thick layer of melting snow from the miicnus 
surface below them. Tmincdiately after reading the scale tla^ 
galvanometer is opened again by removing the ek'cti’odes iVom 
the mucosa, so as to avoid the do.velopment oi‘ at'cidental “ thermo- 
currents ” as far as possible. Exactly tlie same method is em)>loyed 
to investigate the efiect of cold upon the cloacal ciii’rcin. In 
the one case, as in the other, a very rapid fall of tin* original 
E.M.E. is visible, accompanual, generally speuking, by jv.vcrsal of 
the eurreiit, upon which it often reaches such pj‘oporti(»nH that 
the spot flies off the scale. When the snow is entindy nndU-d lla^ 
original EM.F. of the current usually comes back in cons<Mjuence 
of the increasing temperature. The (jxperiment may )>e repeakMl 
many times on the same preparation with identical results. 

V\^e cannot doubt that tin*, cooling of the surface <;pitlieliiim 
here, as in the tongin% leads per ,sc to the a.)>pearain'(i of hettu’o- 
dromous electromotive Jbree. 

The skin of the leech is another no J(^ss favouralde object for 
the study of electromotive action in sujjcrficially flattened, uni- 
cellular, mucoiis glands. After removing the cjonneclive lissiuj 
it is easy to free the skin with scissors fVouj all lagged ends of 
tissue, so that only the cuticular TnuHeh!-]ayer is left. Then, 
on leading olf from external and internal surface, ther(,* is in- 
variably a strong entering current, wldch reacts under different 
conditions as described above. 

The well-known homodromous electromotive action of the 
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skin in lower vertebrates (amphibia and fishes) must be referred 
essentially to the same causes as in the organs previously 
described. 

By far the most thorough investigations relate to the electro- 
motive action of the external skin of the frog, and we are more 
esxjecially indebted to Engelmann (72) for a series of excellent 
obseryations, the value of which is in no way lessened by the in- 
correct interi)retatioii he puts upon them. More recently, starting 
from certain theoretical considerations given above, Hermann has 
again made the skin of the fish the object of investigation, with 
results tliat are conclusive as regards his interpretation of the 
frog’s skin-current. 

Since the skin of certain fishes is, in those points which seem 
most essential to electromotive activity, precisely similar in 
construction to tlie objects last under discussion, a few ol)serva- 
tions ux)on it may . be quoted. From the researches of F. E. 
Schult/e (78), it has long been known that there is a varying 
mass of unicellular mucous glands, in the form of goblet cells, in 
tlie cuticle of many fishes, whicli in some cases comx) 08 e the 
wliole of the epithelium (Cuhitis). The individual elements 
often reacli a considerable size, and yield a mucous secretion, 
which makes the upper skin sinootli and slimy. As always, 
tlie protcqjlasmic, nucleated portion of the cell is basal, ix. 
directed towards the cutis, while tlie upper portion engaged in 
transforming tlie mucin opens dii’ectly iqioii the free surface of 
the iqiper skin. At the jiresent time there cannot be the 
slightest doubt as to the secretory function of these cells, since 
the process may actually be \vatched under the microscope. 
Hermann, in particular, has contributed valuable data rc 
electromotive activity of the skin of fishes. As eomjiared with 
frogs, fish are less suitable objects, inasmuch as their upper skin 
is not, as in the frog, separated by great lymph spaces from the 
muscle, but grows into it. In many, and indeed most cases 
therefore, it is only iiossible to test the P.D. between a corroded 
point of skin (ix. incapable of electromotive action) and one 
that is normal, when there will usually be a strong current 
in the same direction as in the frog s skin and mucous membranes 
(sttpra) under corresponding conditions, i.v. the corroded point of 
the skin is " energetically positive to noii-corroded points.” 

We must, with Hermann, conclude from this fact that the 
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skill of the fish, or, more correctly, every spot on the superficies 
of the fish, is, in exactly the same way as tlie skin of the. iro^s 
the seat of an electromotive force directeil from without inwards, 
and very easily disturbed by corrosion.’' In the eel it is not 
difficult to strip off tlie entii'e skin, or to prepare pieces ot it, 
but it is advisable in all cases that the fish under exaniiiiiition 
should be as fresh and uninjured fis possible, sin(?e the elevLvo- 
motive activity easily receives a permanent check from any sliglit 
injury. E. Waymouth Eeid and Tolputt (8;.>) liavo recently 
observed reversal of the current on fatiguetl animals. 

Under normal conditions the rest current o! the fi'ojr’s skin 
agrees perfectly with that of the fish — save from its greater 
strength in most cases— although the histologicnl structure of the 
two objects presents fundamental differences. Muciuis cells are 
not, as with the fish, the chief constituents of th(‘ suiface 
epithelium proper, but are confined almost exclusively to (Jie 
multicellular skin glands; the epithelium, on the other hand, is 
composed almost exclusively of* polyangular ])riclvle and bristle 
(•ells, those next to the entis being moi*e (•ylijulrical in sluijH*, 
while tow^ards the surlace tluw ge.t jnore. and more, llattened, and 
are eventually covered over with a single, layer of* llaKc.ned epi- 
thelium. Only a few solitary gobl (it cells, small and llask-shaped, 
are found in the epithelium, ]iear the surl’ace, and (‘ven these 
(according to F. E. »Schult;5e) do not open ujM)n it. 

Engelmann’s observations (as C(»nfii*m(!d by the* uutlior) 
are the best authority in regard to tlui normal entering j(jsL 
current of the frogs skin — which is mainly to be. referred to 
the great number ot' skin glands jnestmt. 

The (kfpendcnce of E.M.F. in the skin current upon tlui 
bulk of wat(!r in the tissues is ojjcc juore. appunmt. VVe 
can readily see that thci current will ]H‘(.*(uiie wcak(tr, in ]a’o** 
portion as the e]»idernjis gels dri(ir, .sincfi i.Ikh nisistum.*** to (con- 
ductivity increases eiKjrmously with the latbij*. Siin]»lc moisbming 
with water or dilnUj salt s(iIution prodmacs a raja'd and consider- 
able increase of E.M.F. in eacli such case. Th(.* gnjfdcst rjanainder 
of E.M.F. is obtained with pure water. “ Jf a dro}» salt solu- 
tion of 0-2 % is applied, after washing with wuDcr lia.s 
brought the E.M.F. to a constant laaght, it Ixigins to (kMv.ivut 
after a few minutes. Kepeated dropjaug of thf: sanuj solution 
depresses it still further, until it reaches a constant level. A 
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prolonged water-bath finally raises the E.M.F., in many cases, to 
the same height as before the application of the salt solution ” 
(Engelmann). Stronger solutions of salt (0*4 — 0*8 %) act 
still more strongly and energetically. These experiments on 
the extraordinary effect of even very slight changes of concentra- 
tion upon the magnitude of E.M.F. in the skin current cannot 
obviously be referred to changes of conductivity, but undoubtedly 
depend upon variations in the electromotive functions of the 
active cells, which go hand in hand with changes in bulk of 
water in the same. The skin of the frog is less sensitive than 
that of the tongue to mechanical impacts (pressure, traction). 
Still, after severe traction Engelmann found {l.c.) that the E.M.F. 
fell in a few seconds from 0*1 Dan. to 0*006 Dan. Protracted 
cold caused grciiter or less diminution of the entering normal 
rest current, without, however, reversing it. At a temperature 
of +4"' 0. Engelmann still observed an E.M.F. of 0*08 Dan. 
Negative variations Jis a rule correspond with sudden positive 
heat variations, their duration and magnitude growing with 
increasing magnitude, duration, and sj^atial extension of the 
rise of temperature. Among chemical agents COg is emphatic- 
ally a substance, the effect of which is to diminish the force of 
the skin current with (extraordinary rapidity.** In the space of 
the first half minute Engelmann has often seen it fall to a sixth, 
and less, of the. original height. If the poisonous gas is removed 
soon enough (by blowing in air or hydrogen) the E.M.F. may 
return to its original proportions. So too, though in different 
degrees, the action of anicsthetics like chloroform and ether, 
which also produce marked negative variations even in minimum 
doses. 

Want of oxygen, too, weakens the skin current after a long 
period, and may, after 1 — 2 hours, reduce it to zero. With 
renewal of air the E.M.F. increases more rapidly than it had 
previously diminished, provided that oxygen had not been drawn 
off for too long a period. 

The great variability of skin and mucosa currents, and their 
extreme dependence on the most varying external influences, 
lead us a priori to anticipate that the effects of artificial excita- 
tion (whether direct or from the nerve) would, according to 
circumstances, differ very considerably. Here again the frog’s 
tongue affords by far the most favoui^able conditions for experi- 
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ment, since the nerves that supply its glands aux be cxposetl 
without difficulty. 

We have seen the extent to which the stvength of the normal 
entering tongue cun'ent” is aliected by the least disturlmnec to 
the surface of the mucosa. In nearly every case it incre^iscs 
rapidly after contact with the point of tlie leadiiig-olf electrode, 
both in the excised tongue and in the preparation in sit a. 
That this is merely due to the decline of a negative variation 
(produced by contact of the mechanical stimulus) in thi‘ cuncnt 
of rest follows from the fact that, on closing the gjilvanoineter 
circuit, the slightest movement of the electrode point on the 
surface of the tongue, or gentle rublnng of the s]i)ot h‘<l oil, 
at once produces a rapid faU of E.M.F., which usually oceui-s 
the more vigorously in proportion with tiui strength of the 
maximal rest current. This negative variation declines very 
rapidly, and may often be reproduced if the (ixeitation is rt»])cutiMl. 
Experiments to determine the magnitude of exeilatiou r(Mjiiired, 
show that extremely slight impacts are Jieeded uiuhn* lavourabbt 
conditions. Stroking with the ])oiiit of a hair, (»r the fall of a 
drop of salt solution, nearly always produces a marked valuation. 
With stronger excitation distiahuted oviu* a largcu* area, the cllect 
is increased, and a current of rest that is not too sti-ong ma}^ 
etisily be revei'sed under tlicse cmiditions, cspc^cially if (r.r/, 
through moderate cooling) there is an a priori tendency in that 
direction. If kept at a low teniperjiture in a littbj water, wi'.akl}^ 
curarised. It, temporarid will orteii exhibit a icversc^rl (outgoing) 
rest current of considerable fliniensions, if tljc l(*ading-on‘ ele»*- 
trodes are placed, one on the surlace of the, Duigue, the, ether on 
the exposed muscles of the htg, directly aftei' tin* h»wc.r jiiAV has 
been drawn back by a thread previously ])assed through it. 
This outgoing current, wdiich must ecutainly l)e retea red in [»art 
to cooling, is often as strong as the iKUinal entering eaurent, hut 
diminishes rapidly if the electrodes are left niniisturhed, un<l h»adly 
becomes reversed, i.c. nornuah ])uriiig tla; whole; oi this period 
the slightest friction with the lip of the eleetroelc in coiitaet 
with the tongue will at once proehiee a swing hack oi the 
magnet, in the direction of increase ol the outgoing, or diminution 
of the incoming, current, followed again l*y a jjrompt revo'bal. 
In such cases the reversed current immediately aher tlie throat 
has been opened is doubtless only partkdJy due to th<; ]>rcvious 
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cooling, and far more to the unavoidable mechanical excitation of 
the mucosa on freeing the tongue from the palate, to which it 
adheres in the natural position. 

The normal entering current also declines considerably under 
similar conditions, and apparently from the same reason, and may 
even be abolished. If the same point of the lingual mucosa, 
which at first reacts strongly (in the direction of decline of 
negativity) when gently rubbed with the tip of the electrode, is 
repeatedly excited in the same way, the negative variation grows 
weaker at each excitation, and at last there will be no reaction ; 
the normal current of rest is unaltered in strength, notwith- 
standing the excitation. The E.M.F. of the latter sometimes 
appears to increase considerably in consequence of temporary, 
local, mechanical excitation ; but the method employed is 
hardly suited to the solution of this and other questions, and it 
is advisable to employ some stimulus that can be better graduated 
as regards intensity and duration. The electrical current in the 
form of tlie tetauisiiig alternating currents of an induction coil 
is the best fitted for this purpose. 

If the secondary coil is connected with two electrodes of 
phitinum wire, which are then brought into contact, at a distance 
of 3 — 6 mm., witli the moist surface of a block of salt clay (as 
used for testing the tongue current), — ^while the one brush electrode 
is in leading-ofif contact with the lateral surface, the other with 
the upper surface of the block, between the two platinum wires, — 
no trace of deflection will be detected in the galvanometer in the 
circuit, if the circuit of the secondary coil is closed by Wagner's 
vibrating hammer, and the coil not pushed home ; but even in 
the latter case there are, as a nile, only very weak effects on the 
galvanometer, which in no way modify the consequences of ex- 
citation to be described hereafter. Before testing these on the 
living tongue, we ascertained of course by repeated experiments 
that the results described with the clay block underwent no 
alteration when a dead lingual preparation, incapable of yielding 
electromotive action, was placed upon it. 

If, on the other hand, such excitation experiments are tried 
on normal tongue preparations — set up and led off as above — 
enormously marked elfects may sometimes be seen, and almost 
exclusively in the direction of a negative variation of the rest 
current. Here again we see to a striking extent the dependence 
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of the magnitude of excitation effect upon the strength of the 
current of rest, as expressed both in the degree of deflection with 
a given intensity of excitation, and in the fact that it takes less 
strength of coil to produce a given deflection in proportion as the 
E,M.F. of the current of rest is lower. When the last is at a 
considerable height we have often, after compensating — with 
the coil at 160 (1 Dan. in the primary circuit) — observed a 
negative variation which drove the scale far off the field of vision. 
At the same time the changes of form and position in the tongue 
in consequence of direct muscular excitation were so insignificant 
as to exclude the possibility that the effects described can be 
caused by, or along with, them. Still it cannot be denied that 
these accessory effects, wliich are inevitable with strong currents, 
do produce a most undesirable comphcation, and we have there- 
fore endeavoured to determine by special control experiments to 
what degree the excitation effects observed on the galvanometer 
are aetually affected by them. It is not difficult to abolish the 
electromotive activity of the lingual mucosa, either locally at tlie 
lead-off, or on the entire surface, without affecting the deeper 
muscles, and with these tlie mobility of the tongue. If thci 
appearance of tlie negative variation has been ascertained at anj^ 
given position of the coil, and a grain of salt is then applied to 
the tip of the lingual electrode, there will follow immediately 
(partly in consequence of chemical excitation) a very rapid and 
marked diminution of force in the entering rest current. The 
excitation previously employed will now Ije ineffective, although 
the lingual muscles contract after as before stimulation. The 
same result is obtained on cautiously treating the mucosa with 
NHg in gas or solution. So that, while there can be no 
doubt that we have to include the meclumical excitation duo 
to movements of the tongue contracting under the leading-off 
electrodes, it may, on the other hand, be accepted that the 
main result in this case is due to the cleUriccd excitation of the 
mucosa. As a proof of this we may instance the behaviour of 
small fragments of the mucous coat, which are easily separated 
with scissors from the subjacent muscle-layer. As was said 
above, these, when examined on clay, m a rule exhibit befoni 
long a vigorous current, which on tetanising yields a strong 
negative variation without any material change of form in the 
fragment. 
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The behaviour of the cooled lingual mucosa, giving opposite 
electromotive action, is of interest ; here, too, there is normally a 
negative variation, ie. diminution of KM.F. in the outgoing 
current, but this effect is generally much less, and therefore 
demands much stronger currents, than in the normal incoming 
rest currents. While tliis is the usual result with weak alternating 
currents, approximation of the coil under otherwise uniform con- 
ditions will often cause a positive variation after a first negative 
swing of greater or less amplitude, i.c. a temporary increase of the 
outgoing current occurring in the return process. 

As regards, finally, the time-relations of the variation, these, 
with an entering current of rest, are highly characteristic. 
Without employing any finer artificial means, a latent period 
C' stage of latent electromotive action,’’ Engelmann) may invari- 
ably be determined, its duration being essentially conditioned by 
the strength of excitation, in the sense that it decreases inversely 
with increasing strength of current. The deflection begins 
slowly at first, and rapidly attains its full value later ; as a rule, 
the return swing of the magnet begins while the excitation is still 
in progress, and if the secondary circuit is left closed, runs in a 
zigzag course, sometimes interrupted by short backward move- 
ments in the direction of the negative variation. If, on the 
contrary, the excitation ends as soon as the deflection has reached 
its maximum, there will always be a rapid and uniform return 
swing of the magnet, during which the E.M.F. of the current not 
only regains its original proportions, but nearly always exceeds 
them to a marked extent, so that we are justified m saying that the 
negative variation further entails a weaker positive variation, which 
is relatively slower in its development, and still more in its decline. 

If a sufficiently long interval is allowed between each pair of 
excitations, the experiments may be repeated with uniform results. 
Sometimes, however, the amplitude of the negative variation 
suddenly diminishes, and with each excitation there is a negative 
after-effect, which finally causes a permanent diminution of E.M.F. 
in the current. It is also important to avoid too rapid fatigue of 
the preparation, by an undue length of each individual excitation ; 
protracted tetanus soon weakens the entering current perma- 
nently. We have already shown that the negative variation of the 
ingoing rest current is in a marked degree dependent on the 
strength of the latter, and diminishes very rapidly with the fall 
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of its E.M.r. This is best examined in preparations where 
normal electromotive activity has previously been altered in 
various degrees by treatment with dehydmting salt solutions. It 
is then found without exception that the negative variation is less 
on direct excitation of the lingual mucosa, in proportion with the 
weakness of the entering current. Soon, however, another pheno- 
menon makes its appearance in the gradual development of a 
positive fore-swing and positive after-effect, which, as it were, 
enclose the negative variation. Sometimes the latter is wholly 
wanting, and even with strong excitation there will be only a 
monophasic, positive deflection, often of considerable dimensions. 
This only occurs, however, at a very advanced stage of dehydration. 

Having in view the facts communicated above, whicli refer 
exclusively to the results of direct excitation of the lingual 
mucosa, we may curtail the discussion of the following, i.c. tlie 
appearances due to indirect excitation from the nerve, since in all 
essential points they coincide with the former. Hermann and 
Luchsinger (79), examining into the secretion currents’' of the 
frog’s tongue when led ofl‘ from two symmetrical points on the 
mucosa with excitation of the glossopharyngtial or hypoglossal 
nerve, express the perfectly regular” result of tlieir experiments 
as follows : “ After a visible latent period, tlie t^xcittition of a 
glossopharyngeal nerve produces a current in the excited mucosa, 
— ingoing at first, but which immediately gives way to an outgoing 
direction, — after which there is once more, whetlier tlie excitation 
is over or in progress, a powerful incoming current that long 
outlasts the excitatiom (where this is not continued), reaching its 
maximum slowly, and then disappearing again with extreme 
reluctance.” This effect will be seen to agree, generally speaking, 
with the results of direct excitation experiments, apart from the 
positive fore-swing and (in our observations far less strongly 
marked) positive after-effect of the second negative pliase, which 
we have only observed, in the manner described by Hermann, in 
preparations where the normal electromotive activity is already 
considerably weakened. Our own experiments relate throughout 
to specimens, of It, temporaria kept over winter during tlie months 
of January and February. Wc held it advisable with regard to 
the comparison possible between the series of experiments described 
above, and those to be discussed in the sequel, to continue leading 
off from the upper and lower surface of the tongue, witli com- 
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pensation of the strong entering current which under these con- 
ditions is almost invariably present. The frog was usually 
slightly curarised — to the point of immobility — immediately 
before the experiment, since it seemed probable that the effects of 
excitation would be seriously weakened if the poisoning had 
occurred longer before, even if the circulation was normal, and 
the heart vigorously beating. In agreement with Hermann and 
Luchsinger, we found that the glossopharyngeal nerve acted 
like the hypoglossal, and there was at most a difference of 
degree in favour of the former. Since this is much more 
quickly and conveniently preptired, the following experiments are 
almost wholly based upon it. In norma:!, powerfully developed, 
entering rest currents, we invariably found as the effect of 
excitation of the nerve a monophasic, negative variation, the 
magnitude of which is dependent, as we have seen, on the force of 
the compensating current; this makes itself evident a short 
time (1-0 secs.) after the beginning of the excitation, and often 
reaches very considerable proportions. We never, however, 
observed reversal of a strong normal current in consequence of 
excitation. As a rule, after long protracted excitation of the 
nerve, the return swing of the magnet begins while it is still in 
progress, and oscillations arc again to bo observed frequently, the 
back swing being interruj)ted by renewed impacts in the direction 
of the negative variation. If the exciting circuit is opened at 
the moment when the magnet is on the point of turning, or a 
little earlier, the development of the original current follows 
more quickly thaii when the excitation is continuous ; it is also 
evident that the backward phase of the negative variation 
follows regularly with increasing rapidity ; and it is equally the 
rule that the original current of rest is strengthened by excita- 
tion, as was stated by Hermann. In our experiments, however, 
this positive after -variation ” was never stronger than, or 
even approximately as strong as, the preceding negative variation. 
Under normal conditions we have only seen tliis last introductory 
positive phase on a few occasions, and can therefore as Httle 
attribute to it, as to the positive after- variation, the significance 
attached to it by Hermann ; according to our experiences the 
negative variation of the incoming current of rest has far more 
the appearance in every case of the undoubtedly chai*acteristic 
effect of excication, while the positive effect on the other hand 
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always retreats into the background. Yet this is by no 
means to say that the contrary might not occur under other 
conditions. The preceding statement refers only to lingual 
preparations which exhibit the normal reaction, i.e, vigorous 
entering mucosa current. It is also quite indifferent in what 
manner the lead-off is effected. In the entire uninjured frog 
we have either led off from the muscles of the leg and upper 
lingual surface, or made use of the previously described prepara- 
tion of the lower jaw, which is easily brought into connection 
with -the glossopharyngeal nerve, so that the experiments in 
question are directly comparable with the former. The last- 
named experiments made it possible to test tlie excitation of the 
nerve on preparations of the tongue in which the entering rest 
current has been weakened, or reversed, by treatment witli 
strong (0*8-l*5 %) NaCl solution. As the nerve is not in- 
jured by a short application of solutions of this concentration, 
the excitation effects (manifestations) observed must principally 
be referred to the changes undoubtedly present in the glandular 
cells excited. In such cases we have frequently noted excitation 
effects which coiTCspond throughout with those described by 
Hermann and Luchsinger, a strong positive effect being periodically 
interrupted by a weaker negative. 

There is accordingly complete agreement in nearly every 
point of electromotive action between direct and indirect excitation 
of the lingual mucosa, another proof that in tlie methods of direct 
excitation employed we are only dealing with effects wliicli 
originate in the mucosii. Anotlier question, on the other liand, which 
cannot be answered as certainly, is whether in the previous instances 
direct and indirect excitation must not be regarded as identical, in 
so far as only the nerves which are situated in the mucosa are 
excited in the first case also. Some poison Ls required wbicli, lik(3 
curare in striated muscle, will entirely abolish nerve action with- 
out injuring the gland cells, Atro'irln at once suggests itself, 
as having long been known to abolish the effect of excitation in 
secretory nerves completely and permanently, in the most different 
glands. Hermann and Luchsinger showed that it had the same 
effect on the galvanic effects of excitation in the frog’s tongue. 
Both after direct dropping on to the tongue, and subcutaneous 
injection, the strongest excitation of the nerve is ineffective, 
although, as we have repeatedly ascertained, direct excitation 
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of the mucosa after, as well as before, continues to produce a 
strong negative variation in the existing rest current, lifter large 
doses and longer poisoning we frequently found not merely that 
the incoming current of rest was considerably weakened, but that 
the results of direct electrical excitation were reduced in a marked 
degree. The conclusion is that atropin principally paralyses the 
gland nerves, without seriously injuring the cells. 

It ]nay be taken as proved that not only the glands of the 
external skin, but nearly all the glandular organs, are essentially 
affected by pilocarpin, as regards their state of activity, in the 
sense of a long-protracted, energetic excitation. Having ourselves 
(80) thoroughly investigated the action of pilocarpin poisoning upon 
the raoi’phological behaviour of the lingual glands in the frog, it 
was the more interesting to determine the concomitant galvanic 
phenomena. In experiments many times repeated, in which 
the (non-curarised) frogs were injected with 1 cc. of 2 ^ 
solution of pilocarp. muriat. under the skin of the back, we 
invariably found two hours afterwards that the entering mucosa 
current of the tongue (which was covere^d with a visible layer of 
secretion) was developed with unusual vigour, and was often of 
considerable proportions. Corresponding with this, the negative 
variation, both with direct and indirect excitation, was extremely 
pronounced, and nothing has come midcr our notice so well 
calculated to^ exhibit the above-described normal reaction of the 
tongue in excessive proportion, as pilocarpin poisoning. 

With regard to the action of this drug it was to be expected 
a iiHori that a long -protracted excitation of the secretory 
nerves would produce a similar effect. As in the salivary 
glands, so too in the mucous glands of the frog's tongue, it is 
possible by introducing a metronome into the circuit of the 
secondary coil to extend the excitation of the corresponding 
secretory nerves over several hours, without fear of too rapid ex- 
haustion of the glands. Deep-seated histological changes ensue 
in both cases, which are in close relation with the secretory 
process (80). 

If, during such rhythmical persistent excitation, the electro- 
motive phenomena are observed in the tongue (which should 
preferably be in sihi, with intact circulation), there will be found 
without exception after a longer or shorter period — during which 
the initial current appears weakened in consequence of the pre- 
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dominance of the opposite current (negative variation) — a gradual, 
and, for the most part, irregular augmentation of the original 
ingoing current, which obviously corresponds witli the positive 
after-effect of a short excitation, and may sometimes attain 
important dimensions. But the mucosa current, oven after long- 
protracted excitation, will always continue to be directed inwards. 

The mucosa of the throat and cloaca are of course capable 
of direct electrical or mechanical excihition also, and the effects 
are essentially the same as in the tongue, although these tissues 
are as a rule less sensitive. While, as we have seen above, the 
slightest contact with the lingual mucosa produces a negative 
variation of the normal entering current, which rapidly declines 
again as soon as the excitation is over, tliis is by no means 
usual in the thi'oat or cloaca! mucosa. In these a comparatively 
strong pressure, or pull, is reqiured to produce any considerable 
depression of the “ rest current,” which subsequently proceeds 
as in the tongue. Much better results, and the only ones that 
are adapted to exact investigation, arc yielded by local tetanising 
with the induction current. As regards the method employed, 
we may refer throughout to what has already been cited. In 
a preparation of the throat mucosa with veiy strong enterhig 
currents, excitation with gradual approximation of the coil 
produces even with weak currents (coil at 180 ) a distinct 
monophasic negative variation of tlie compensated rest curi*erit, 
which increases rapidly as the coil is pushed up, althoiigli even 
in the most favourable cases it does not go so far tliat — as is 
usual in the tongue under similar conditions — the scale flies 
off* the field. A slight tremor at the beginning of tlie deflection 
sometimes betrays the existence of a heterodromous Ibrce, wliicli, 
as we shall see, leads under other conditions to a positive varia- 
tion. If the excitation is interrupted before the scuile has come 
wholly to rest, the return swing of the magnet begins rapidly 
at first, and then travels more slowly to its zero, sometimes even 
beyond, in the sense of a reinforcement of the original current 
(positive after-effect). The manifestation of excitation is quite 
altered when the E.M.F. of the entering current of rest is 
lower. As in the tongue, only i:)erhaps still more markedly, 
the strength of the negative variation depends upon the initial 
intensity of the normal, electromotive action of the inucosa. 
If this sinks below a certain limit, there appears regularly in 
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place of the monophasic, negative variation, a diphasic^ and 
with very weak excitation, a monophasic, positive variation. 
The excitation effects are then dissimilar in detail, and to a 
certain extent very complicated. Generally speaking, it may 
he said that the positive variation preponderates the more, in 
proportion as the exciting, incoming mucosa current is ab initio 
weaker, while on the other hand the negative effects become 
more and more prominent with increfising strength of excita- 
tion, so that when the coil is pushed nearly home there will in 
the majority of cases be only, or at any rate chiefly, negative 
variation, the more or less delayed entrance of which often 
indicates the concealed presence of the opposite force. So too 
the rapid back swing of the magnet to its position of rest and 
even beyond it, as is often seen with lower excitation intensities ; 
the primary, at first ingoing, negative variation always exceeds 
the subsequent positive swing in magnitude in such a case, as 
shown by the rapid reversal (when the exciting circuit is closed) 
of the magnet deflected towards the negtitive variation: from 
this there is but a step to the reaction in which the proportions 
of the two antagonistic deflections are inverted, the negative 
variation appearing only as a short prelude to the subsequent 
positive swing, which often under these conditions attains 
considerable amplitude, although the deflections caused by it 
never equal those of the stronger negative variation. Finally 
(with the lowest effective intensity of excitation), all direct 
expression of the negative variation may be wanting, a more or 
less definite retardation in the positive deflection being the sole 
indication of its presence. On cooled preparations, where the 
entering current was at zero, we have, even with the coil pushed 
home, obtained only simple, positive deflections (in the direction 
of the original E.M.F. of the current), and of no considerable 
strength. It is perfectly easy to remove the objection that the 
excitation eflects described are caused by fallacies of any kind ; 
it is only needful, as has already been described at length, to 
render the mucosa incapable of electromotive action, or to 
remove it entirely, in order to be certain that even on applying 
strong currents, excitation effects are totally wanting. 

The non-ciliated cloacal mucosa and the skin of the leech 
react to electrical excitation readily like the ciliated throat 
mucosa. Here again, only perhaps in a still higher degree, the 
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influence of the initial force of the incoming current upon the 
excitation effects is apparent. The threshold of excihition 
actually lies, as a rule, much higher than in the throat mucosa. 
Before there is any definite eff*ect in one or the other direction, 
there will often be an uneasy oscillation of the magnet, giving 
the impression that two antagonistic effects are in conllict. 
With weak currents the deflection of the positive variation 
finally preponderates, while with very closely approximated, or 
closed -up, coils, the contrary is the case witliout exception. 
A short, positive fore-swing is often to be seen, after which 
occurs the much stronger negative variation. At the end of 
the excitation the latter nearly always declines rapidly and 
completely. In several cases in which the entering rest 
current exhibited an unwonted intensity, there wei’e, from 
the weakest effective currents to the strongest, only pure 
monophasic negative variations, which then attained proportions 
that are usually seen in the tongue only, under similar 
conditions. Thus, in one case, the cloacal mucosa of a non- 
curaiised K temporaridy stretched over a cork frame, and led off 
from both surfaces, exhibited an incoming current of such 
amplitude that the saile flow oft‘; after compensation there 
was, even with the coil at 180, a distinct, negative variation of 
several degi’ees of the scale, and with tlic coil at 100 tlie 
scale vanished on excitation. Unlike the throat mucosa, the 
deflection, apart from small oscillations, remained tolerably 
constant so long as the excitation continued, after which it 
declined rapidly. Where the cloacal mucosa, as seems always 
to be the case if there is no fluid secretion, is currentless, 
or weakly active in an ingoing direction only, the strongest 
tetanising with the coil pushed home produces no visible 
negative variation ; there is either no effect or at most a weak 
deflection in the sense of an ingoing current. This shows that 
the excitation effects depend upon tlie mucosa itself, and are 
not caused by the muscles lying beneath it. 

In the richly glandular skin of Amphibia, the results of 
direct and indirect excitation are essentially similar. Engel- 
mann {he. p. 136) carried out expeiiments in which pieces of 
skin {R. temporaria) were excited by single make or l)reak shocks 
from an ordinary induction apparatus, the induction currents 
being led in by the leading-off electrodes. At the moment 
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of excitation the galvanometer was shut ofif, and it was ascer- 
tained that the induction currents had not left the electrodes per- 
ceptibly polarised. “ Each excitation manifested itself by a sharp 
decline of electromotive force. This decline is not only relatively 
but absolutely greater, in proportion with the approximation of 
the coUs, while at uniform distance of the coil it is much stronger 
at the break than at the make shock. After the first, second, 
and third excitation a positive variation (in a special case) follows 
the negative variation ; the fourth excitation, however, weakens 
the E.M.F. permanently, to a considerable degree, and the last 
and most powerful break shock depresses it almost to zero, and 
leaves it weakened to about half the original.” Our own obser- 
vations agree in the main witli these conclusions, when pieces of 
skin — from any part of the body indifferently — are stretched on a 
clay block, tetanised, and led off simultaneously with the excita- 
tion. If the frogs used {temporarm) have been kept in a cool 
room free from frost, in vessels with a little water, the electro- 
motive action, i,e. entering current, wiU regularly and invariably 
be very powerful, with, as in the former cases, a corresponding 
monophasic negative variation, which appears even at a compara- 
tively low strength of current, beginning after a latent period of 
1—2 secs., and reaching its maximum value tolerably quickly ; 
while as after-effect of the excitation a more or less considerable 
reinforcement of the original current of rest is usually visible, 
which declines slowly, and never approximates to the strength 
of tlie negative variation. 

Direct electrical excitation of the skin of the eeVs snout, which 
consists only of goblet cells, exhibits, according to Eeid and 
Tolputt (83), a similar reaction to that of the frog's cloacal mucosti, 
i.6. with weak excitation and a low development of the rest 
current, there was a positive, with stronger excitation a negative, 
variation of the entering current, which was always very per- 
sistent. In the rest of the eel's skin there are, together with a 
less number of mucous cells, other kinds of secretory elements 
(club cells), which seem, as regards electromotive response, to give 
an opposite reaction. According to Eeid and Tolputt (Z.c.), there 
is, with a strongly developed ingoing current and strong excitation, 
a regular increase of the current (positive variation), while, con- 
versely, weak excitation and low intensity of the existing E.M.F. 
seem to favoiir the appearance of a negative variation. 
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Our experiments show that the results obtained with indirect 
excitation of the frog’s skin from the nerve agree almost exactly 
with those of direct excitation. Eoeber {lx. p. 3) employed a 
method by which he was enabled to experiment on the skin of 
the leg without much injury to it, and this is to be preferred 
to the preparation from the skin of the ' back used later on by 
Hermann. Under all conditions it involves much less injury to 
the skin, and, apart fi'om the greater resistance of the prepara- 
tion, makes it easier to test the effect of different reagents on the 
phenomena of excitation. We can either use Eoeber’s original 
method, in which, after setting up an ordinary '"rheoscopic 
frog’s leg,” the skin “ which covers the whole leg up to the knee- 
joint is divided by a circular cut at the ankle from the inferior 
portion, split up the anterior surface by a longitudinal cut, and 
then prepared and turned back from the entire limb almost to 
the knee-joint. The leg is then divided below the kne (3 and 
taken off, leaving only the sciatic nerve, along with the knee- 
joint and skin of the leg.” In order to lead off* the skin currejit 
the prepared flap must be carefully spread out on a clay block, 
one electrode being in contact with this latter, the other witli the 
centre of the exterior skin surface. Hermann’s modification (75), 
as' described above, is yet more convenient and spariiig of injury ; 
the whole frog is used, curarised to immobility, when tlie current 
can be led off with circulation intact — after freeing the ])elvic 
portion of both sciatics (from the back) — either from symmetrical 
points of both skinned legs, or, ns is perhaps better, from some 
point of the skin of the leg, and the exposed, undisturbed surface 
of the thigh muscles on the same side. In the latter case the 
whole skin current comes into play, and must, as a rule, be com- 
pensated beforehand. 

In Eoeber’s experiment it was found that where the entering 
skin cuiTent was of any considerable proportions, excitation of 
the nerve invariably produced a greater or less diminution of 
E.M.F., and ''as this occurs in a prei)onderating majority of 
cases,” Eoeber does not consider " this ‘ negative variation ’ 
of the gland current to be, generally speaking, the conse(pience 
of excitation of the gland nerves. With an originally low magni- 
tude of current, on the contrary, there is sometimes increase 
instead of decrease, a positive instead of a negative variation.” 
Engelmann also found in the same object an almost invarialde 
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diminution of the skin current in consequence of nerve excitation, 
whether this were produced electrically, chemically, or mechanic- 
ally. Even with the application of a single, vigorous, make 
induction shock to the peripheral stump of the sciatic, he observed 
a preliminary fall of E.M.F. to 25-30 %, which is naturally 
even more considerable with tetanising excitation. Accord- 
ing to Erigelmann, the course of an “ elementary '' variation in 
nerve excitation through a single momentary stimulus is as 
follows : After a latent period, lasting with weak excitation for 
4 secs., with stronger excitation for less than ^ sec., the E.M.F. 
falls at first with increasing, and later with diminishing, rapidity 
— reaching its minimum after a few seconds with weak excitation, 
in 10-20 secs, with stronger stimuli; it rises again imme- 
diately, at first with increasing and subsequently with diminishing 
rapidity, eventually reaching its origmal proportions.*’ “ But it 
does not often remain stationary at this point, especially when 
the skin has been resting for a long time before excitation. More 
frequently, during the next few minutes it rises higher in propor- 
tion with the strength of the previous excitation** (positive after- 
variation), “ sinking down again slowly afterwards. If the excita- 
tion is repeated frequently, the positive after-variation fails to 
appear, and there will each time be a negative variation only. 
With prolonged tetanising excitation of the nerve, the depression 
of E.M.F. continues much longer, and outlasts the excitation. 
If the excitation is subsequently very vigorous, the positive after- 
variation may be wanting, even where it appeared unmistakably 
after a short excitation. The E.M.F. then remains permanently 
depressed, and renewed excitation only produces an insignificant 
diminution of it.** 

Hermann (82), on the contrary, finds in the skin of the lower 
limb, and more particularly in the skin of the frog’s back, in con- 
sequence of nerve excitation, either a pure positive variation^ or the 
same precede(l by a 'negative fore-swing, “ which, however, is usually 
much weaker than the positive variation itself*’ — the latter being 
the true main effect.** Hermann only found a pure negative 
variation twice in the skin of the back, and in the leg ‘^in a 
negligible number of cases only** (three out of eighty frogs). 
The order of the deflection (in skin of back with tetanising ex- 
citation) is, according to Hermann, as follows : “ At first the scale 
remains at rest for several (2—4) secs. ; after this latent period 
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a tolerably rapid deflection (in the positive direction) is developed, 
but remains for the most part stationary, after which a slow 
further growth continues to the maximum. If the excitation is 
protracted, tliere will usually be reversal, and slow return; if 
interrupted at the height of its deflection, the scale will remain 
at the point of deflection for some time longer, or else continues 
its course a little further, returning then more slowly than the 
variation, to its original position.” Hermann observed the same 
positive deflection after very short excitation: “At the end of 
such excitation the scale remains at rest for a certain time, and 
then pursues its deflection in the positive direction, though the 
variation is much less than with sustained excitati<ni.” Ilius 
there is a complete antithesis between Hermann’s results and the 
earher conclusions, which is but little modified by the more 
frequent appearance of a “ negative fore-swing ” on the skin of 
the lower limb. Both Koeber and Engelmann have observed 
pure positive effects of excitation on the prcj)aration last men- 
tioned, although quite exceptionally and under conditions in 
whicli it is questionable whether the phenomenon is to be re- 
garded as “ normal.” This was the case, ejj,, wliere the prepara- 
tion, after being uncovered for some time in a moist chamber, 
exhibited “ excessively wetik ” (entering) currents, and soon 
ceased to be excitable. Later on Bach and Oehler (81) found 
under Hermann’s direction, in the first . place, tliat the negative 
variation of the entering rest current of the skin was entirely 
dependent upon the strength of the latter (a fact to which we 
have frequently refen*ed above), and on the other hand that in all 
cases where, whether through warming beyond a cerhxin limit, 
or painting the skin with strong salt solution, tlie “ current of 
rest ” was perceptibly weakened, its negative variation declined 
rapidly, finally giving way to “ an incoming secretion ciirrcnt,” 
i,e.. a positive variation. From this we may assume that in 
Hermann’s experiments, frogs were used in which the^skin current 
was very little developed. In the meantime lie has made recent 
experiments (82), showing that in certain cases there is, even 
with a strongly developed, entering, rest cun-ent a mainly or 
exclusively positive variation, when the nerves of the skin are 
excited. This may be demonstrated on the skin of the leg in the 
tree frog, as well as on the skin of the salamander {Protetis 
angidneiis). 
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If every diminution of the normal ingoiDg skin current is 
thus favourable to the appearance of homodromous (positive) ex- 
citation effects, it is a possible that even where the "" current 
of rest ” is altogether wanting, “ an outgoing secretion current ” 
may be present. In fact, Bach and Oehler showed that whereas 
after quite a short (6-8 secs.) action of saturated solution of sub- 
limate the skin betrayed hardly any electrical activity, excitation 
from the nerve still produced tolerably pronounced effects, always 
in the direction of an entering current. We cannot agree with 
Hermann when he finds in this fact a convincing proof that the 
epithelial layer alone is intrinsically the seat of electromotive 
activity in 'the unexcited skin, only those . effects which occur with 
nerve-excitation (‘' secretion currents ”) being true gland functions. 
For apart from the fact that even from the histological point of 
view tliis theor}^ is higlily improbable, it is also quite conceivable 
that in spite of the short duration of the sublimate bath, traces 
of. the substance may penetrate into the gland cells, tod reduce 
their normal electromotive activity, i.e, entering current, almost 
to zero, without abolishing it completely. We have, however, 
found ample proof in the preceding discussion, that under 
circumstances in which any kind of injury has weakened the 
entering cuiTent of the mucous secreting cells to a greater or 
less degree, homodromous effects may appear with direct or in- 
direct excitation. 

Since, as shown by Engelmann, the degree of moisture in the 
skin is far the most important factor in detennining the strength 
of its normal electrical activity, as is also the Cfise in true mucosoe, 
we should a pHori presume that it would be possible, by altering* 
the bulk of water, to alter the direction of the galvanic effects 
occurring when the skin is excited as in the foregoing. Indeed 
the experiments on the mucous coat of the tongue, throat, and 
cloaca, described above, points in this directioiL 

It is weU known that frogs, when kept dry, gradually lose a 
large amount of water through the skin, but it would take a long 
time before they were sufficiently dehydrated by this method to 
be fit for experiment. Tliis is effected much more quickly with 
the aid of dehydrating sxibstanees, A quantity of water can be 
drawn out of the frog’s tissues in the shortest possible time by 
the simple injection of strong salt solution, or glycerin of sufficient 
density, under the skin of the back. 



ELECTROMOTIVE ACTION OF EPITHELIAL AND GLAND CELLS 497 

The two methods may be combined as follows. The frogs, 
when well dried, were placed in a large open glass, with a wire 
cover, the sides and bottom being wrapped in a clean, dry cloth. 
They were left thus in a warm chamber for at least 24 hours. 
They were next curarised as slightly as possible to produce 
immobility, and when paralysed, 1—2 cc. of 3-5 % salt 
solution, or better, 0*5—1 cc. glycerin, were injected into the 
dorsal lymph sac. After two, at most three, hours the dehydra- 
tion is, as a rule, sufficiently advanced for the experiments to be 
started. It is unnecessary to enter into all the effects which can 
be observed on these frogs ; they are sufficiently well known, and 
have no immediate connection with the facts before us. 

If the electrical activity of the sldn of such dehydrated ” 
frogs is tested as usual, either on single excised j)ortions, or on 
the entire uninjured animal, the insignificant proportions, or 
almost complete absence, of the entering current is very striking. 
This is not merely due to the greater resistance of the dry skin, 
for the E.M.F. is slow to recover, even when the led-off parts of 
the skin are freely moLstened with water or dilute salt solution. 
If an excised portion of the skin, no matter from what part of tlie 
body, is now excited directly, or if the freed sciatic is excited by 
leading off from the external surface of the skin of the leg, and tlie 
exposed surface of the muscles of the thigh on the same side, 
there will under all circumstances be an entering current, i,c. a 
positive variation of the current of rest, which cither makes its 
appearance alone, or is introduced by a short negative fore-swing. 
Under these conditions there is never, as before, a mono- 
phasic negative effect. As regards the strength of the positive 
effect (always in the direction of an entering rest current), 
the right degree of dehydration is all-important, and there is a 
good deal of uncertainty in obtaining this. In favourable cases 
the positive variation may become as marked as was formerly the 
strongest negative variation. We have repeatedly setjn deflections 
which drive the scale out of sight when the current of rest has been 
compensated. But if the latter is still considerable the positive 
variation grows less and less, and the negative fore -swing is 
correspondingly greater. Sometimes the entering skin current of 
the leg, immediately after freeing the sciatic nerve from the 
pelvis, is extraordinarily marked, notwithstanding the previous 
dehydration, and this is usually followed by a tolerably rapid 



498 


ELECTEO-PHYSIOLOGY 


CHAP. 


diminutioii during the experiment. It is not improbable that 
this is due to a (positive) after-effect of excitation of the 
nerve, produced by constriction. In such a case it is best 
to let the variation decline, and then excite electrically. " In this 
way much more distinct positive variations are exhibited. 

The order of the deflections produced by these latter is almost 
invariably such that after the expiry of the latent period and 
eventually of the negative fore-swing, the positive variation is 
rapidly initiated, and then becomes gradually slower, as if an 
antagonistic effect were asserting itself ; sometimes it continues 
only for quite a short time, or even swings back a little, in the 
sense of a negative variation — ^finally, however, if the excitation 
is prolonged, the positive effect breaks through again, and the 
deflection becomes more characteristic. We are of opinion that 
this retardation in the course of the positive variation is actually 
to be referred to the opposite action of a simultaneously excited 
negative variation, so that, as always, the visible deflection is 
really the resultant of two antagonistic components. It is 
determined by the preponderance of one or the other of these 
forcea 

To this we must also refer the fact that, at a certain stage of 
dehydration — wliicli is safe to appear when the frog is dried 
simply by long detention in a dry chamber without water — the 
excitation of the sciatic, on leading off from the skin of the leg, 
which usually gives a strong ingoing current only, generally 
produces a distinct and fairly vigorous negative variation at the 
first excitation, followed by a weaker positive effect On repeating 
the excitation at a later stage, no definite effect is usually 
apparent ; but a slight swinging to and fro of the magnet, or 
oscillation at its zero, indicates an interference of antagonistic 
forces, which are nearly balanced. Under these conditions, a 
complicated variation may result from tetanising, which consists 
of four phases — an initial negative deflection, soon interrupted by 
an essentially stronger positive phase, which again swings back 
in a negative variation, and finally the magnet is again slowly 
reversed in the direction of a positive swing. The whole of this 
complicated process occurs during the excitation. The best way 
to observe the order of the separate phases is to take a frog at 
the stage of dehydration in which the skin of the leg still gives 
a marked ingoing current, and each excitation is accompanied 
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by a plain negative variation, followed by a weaker, positive 
swing — bleed it, and expose the nerves — letting it then lie 
in the chamber, and occasionally testing the effects of ex- 
citation; the ingoing skin current then declines gradually, the 
negative variation grows weaker, the positive effect stronger, and 
at last (after a brief interval of total failure of effect) it takes 
complete possession. 

As Hermann pointed out, there is always a fairly protracted 
after-effect from the positive, in contradistinction to the negative, 
variation — the deflection increasing for some time after the 
excitation is over; the decline, too, follows more slowly than 
with the negative variation. 

An interesting reaction appears in frogs {tcinporaria), fresh 
caught in the latter half of February. Any point of the skin 
at fiist gives a vigorous electrical variation, often far beyond 
tlie scale; excitation of the sciatic produces a corresponding 
and monophasic negative variation in the skin of the leg ; this 
only declines very gradually and incompletely, so that a strong 
persistent diminution of the original current results, which 
again disappears almost entirely after a second short excitation. 
A third experiment is followed by a positive efiect, preceded by 
a short, negative fore-swing. In another frog of the same group, 
the first excitation produced such a marked diminution of the 
original ingoing skin current that even at the second excitation 
the negative was replaced by a positive variation. Here we have 
proof of the extent to which the character of the variation is 
conditioned by the strength of the rest cun-ent. And we also 
learn from these experiments that Engclmann’s attempted ex- 
planation of the positive effect is fallacious. He supposes that 
the positive increment prodxiced by the free tension at the 
surface of the epidermis, in consequence of surface moisture from 
the skin glands emptied during excitation, over-compen sates the 
negative effect originating in the decline of glandula*’ energy. — 
This theory assumes that the surface cell-layers form a compara- 
tively non-conducting layer in consequence of dehydration, only 
a small fraction of the electrical tensions derived from glandular 
activity being apparent at its surface.” Yet such could not be 
the case, either in the instances quoted above, or in the dehy- 
drated frogs. For in the first case, no water had been drawn ofi‘, 
and the vigorous primary skin current shows that the glands were 
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ah initio concerned in its production. In the second, no trace of 
secretion even with the magnifying lens was to be discovered 
during excitation of the dry surface of the skin, which is so easy 
to detect under normal circumstances. The result remained the 
same when the skin surface was moistened with water, or 
0’5 % salt solution. Hermann subsequently applied the same 
process of secretion to the interpretation of the contrary effect — 
the negative variation — in the entering skin and lingual rest 
current (frog). He starts with the assumption that the skin 
glands are normally nearly closed to the external surface, 
have no external galvanic relation.*' If during excitation a 
sudden compression of the liquid contents sets up a deflection of 
the ingoing current in the glandular epithelium, then — under the 
further presumption of a homodromous, electromotive activity of 
the remaining epithelium — "'the relation of E.M.F. between 
glandular skin arid epithelium " determines the character of the 
phenomena of excitation. 

If the first is greater, a 'positive increment of the rest current 
appears, an “ingoing secretion current/* “If the E.M.F. of 
the gland epithelium, on the contrary, is less than that of the 
skin epithelium, as must be presumed in the resting state of the 
glands, the mere mechanical process of secretion will produce a 
diminution of the rest current, followed however by augmentation, 
so soon as the excitation of the nerve incites the cells to 
secretory activity.** Notwithstanding Hermann's recent protest 
(82), we continue to hold this explanation fallacious, and are still 
of opinion that the conditions of leading off are similar to those 
in the frog's tongue. 

The electromotive action of the mucosa of the stomach claims 
attention both on theoretical grounds, and in regard to the 
disputed question as to the existence of special secretory nerves 
to the glands. We found above, as first stated by Eosenthal (73), 
that the mucous coat of the frog's stomach had normally the 
same electromotive action as the outer skin of fishes and naked 
amphibia, i.e, on leading off from the free internal suiface and 
muscular coat a powerful ingoing current is exhibited, which 
Rosenthal does not hesitate to connect with the mucous glands. 
Yet in view of the facts discussed above we must admit another 
possibility, viz. that the whole surface epithelium may consist of 
elements, which are to be regarded as unicellular mucous glands 
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in the same sense as the goblet cells of throat or cloaca! mucosa, or 
the gland cells of the frog’s tongue. These being incontestably 
electrically active, we may affirm with almost positive certainty 
that — granting the glands of the stomach proper to possess 
electrical action — the ingoing mucous current must consist of at 
least two components. 

In order to decide this question, F. Bohlen (84) carried out 
under our direction a series of experiments (on the frog in the first 
instance), the object of which was to demonstrate the influence of 
the digestive activities of the stomach upon its electromotive 
properties. If these really depended on the gastric glands, we 
should expect to find considerable alterations in the fasting state, 
vs. state of digestion. This proved to be the case, but not, as 
was expected,, in the sense of augmentation of the “ current of 
rest ” in the replete animal, but on the contrary of a marked 
diminution. Only when indigestible substances, such as stones, 
wood, etc., which excite the mucosa mechanically, were introduced 
into the stomach, an often considerable increase of the normal, 
ingoing current became perceptible, together with increase of 
mucous secretion. This was to a marked degree the case after 
' the introduction of bismuth subnitrate, where the sharp-edged 
crystals seemed to act as an intense stimulus, and produced a 
quite specific mucous secretion. Wlien the insoluble salt reaches 
the cloaca, it causes a marked secretion of mucin, and a corre- 
sponding augmentation of the electrical current, so that — as in 
the stomach — the scale flies beyond the field of vision. For 
the rest, the E.M.F. of the mucosa of the stomacli is con- 
ditioned, as in other secreting membranes referred to (which 
secrete mucin only), by a variety of factors : in particular, 
temperature, dehydration and turgor, anmsthesia, etc. Direct 
electrical excitation by rapidly alternating shocks from an in- 
duction coil effects at a small distance of coil a negative variation, 
usually preceded by a positive swing. The strewgth of the 
original current is therefore of essential significance, since the 
deflection corresponding with the negative variation is, so to 
speak, in direct ratio with the E.M.F. of the preparation. 

In warm-blooded animals also (rabbit, guinea-pig, rat) Bohlen 
ascertained the existence of a vigorous ingoing current. After 
opening the belly, an unpolarisable tube electrode closed with a 
clay stopper was passed through a hole in the wall of the 
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stomach, the other being in contact with the external surface of 
the stomach. This in i-ahbits and guinea-pigs is nearly always 
crammed with food, so that the lead-off from the mucosa is here 
complicated by the contents of the stomach, which suggests cer- 
tain objections. In the first place, one asks whether warmth 
may not have a perceptible effect on the electrode inserted deep 
into the stomach ; in the second, differences of potential are 
caused by the contents of the stomach, so that the results of the 
observation are disturbed to an extent which it is impossible to 
calculate. 

In regard to the first question, it is easy to see that the 
currents caused by differences of temperature do not come into 
the reckoning at all, in comparison with the marked effects of the 
pliysiological mucosa current. The second question is solved by 
the fact that almost directly after the death of the animal there 
is a decline of E.M.F. which soon tends to reversal of the 
current, but this current appears in the same way and at the 
same intensity whether the stomach is emptied and washed, and 
then led off directly from the surface of the mucosa, or whether 
it is already empty, e>,g, in rats that have been kept without food 
for some days. 

In warm-blooded animals, as in the frog, the intensity of the 
rest current varies in individual cases, within a certain range. 
Sometimes, nearly always indeed, it is so strong that the scale 
flies far off the field ; in other cases again only deflections of a 
few degrees are visible. Oscillations occur almost invariably, 
which are of very different magnitudes. 

The effect of deep narcosis upon the strength of the current 
in the mucosa of the stomach is very striking in mammals. 
With a little care in the use of chloroform and ether, the 
variation can be diminished until the deflection barely reaches 
10 degrees of the scale. A long period must then elapse before 
the current** returns to its original magnitude. Whether this 
is a direct or indirect effect is foreign to our present discussion. 

As in the frog, so in warm-blooded animals, the E.M.F. of 
the mucosa is considerably heightened by the introduction of 
bismuth (2-5 gi*s. in emulsion), along with which there is 
an easily-confirmed increase in the mucin secretion. 

Artificial excitation of the vagus nerve produces striking 
consequences. While the only result in the frog is a weak, positive 
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variation of the entering current, which appears whether the 
stomach is excised or in situ , — in mammals, after a transitory 
increase of the entering current, tliere regularly appears a negative 
variation which can reach such proportions that the current not 
only sinks to zero, but goes beyond it in the reversed direction, 
so that the now outgoing current may, under certain conditions, 
become as strong as the original ingoing current. That this is 
not, as might have been supposed, an action of secretory nerves, 
but merely an after-manifestation of the disturbance of the cir- 
culation due to the slowing or stand-still of the heart, and, in the 
first degree, to the marked fall of yiood-iDvcssrirc, is very easily 
determined. It appears not merely from tlie time coincidence of 
the latter and the negative variation, but more particularly from 
the fact that whatever depresses blood -pressure locally or in 
general, also tends to diminish the ingoing current of the stomach. 
This applies to every severe loss of blood, and notably still more 
where clamping of the aorta has temporarily produced a complete 
anaemia of the stomach. The current diminislies almost at the 
moment when anaemia sets in, just as with vagus excitation, to 
recover again when the blood-stream is freed. Here, as in the 
first case, it makes no difference whether the vagi have previously 
been divided at the neck or not. Slow, rhythmical compression 
and release of the aorta — as best effected by cutting away some 
of the ribs on the curarised, artificially breathing aniTr)al — produce 
similar rhythmical variations of the stomach current. Every 
protracted ana3mia of the mucosa retards the increase of the 
current very considerably, until finally recovery is no longer 
possible. In dyspncea too, a marked negative swing always 
follows upon the temporary increase of normal electrical action. 
The simultaneous tracing of the blood-pressure on the kymograpli 
after double vagus section, proves that there is no immediate 
coincidence between the alterations of the arterial mean pressure 
in the carotid and the variations of current, since *the negative 
phase is usually developed at the beginning of the dyspnooic 
increase of pressure, and continues after blood -pressure has 
returned to its normal height by renewal of artificial respiration. 
The positive variation, on the contrary, occurs between the begin- 
ning of dyspncea and the first increase of pressure. It is 
obvious that this reaction cannot be forthwith interpreted in the 
sense that the progressive venosity of the blood caused the fall of 
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the current, for when the vaso-motoi* centre is excited, and the 
pressure in the aorta rises, in consecjuence of dyspnoea, the natural 
concomitant is fall of pressure in the small arteries and capillaries 
of many peripheral organs, and the stomach in particular, where, 
as well as in the viscera, the vessels are narrowest. Similar results 
are obtained with another experiment on the rabbit, in which, by 
clamping the four arteries which supply the head, by S. Mayer’s 
method (85), cerebral anaemia is induced with a consequent 
marked increase of aortic j)re8sure. Here, as during dyspnoeic 
excitation of the vaso-motor centres, the stomach current again 
— after a brief positive fore-swing — declines very markedly, being 
as a rule already reversed at a time when the hlood-pressure is at 
its maodmuQU. If the clip is removed before the centre has 
become permanently injured, the blood-pressure returns rapidly 
to its normal level, but the cun*ent requires much longer to 
recover its original proportions. If, on the other hand, anaemia 
is prolonged till the blood-pressure is at “ paralytic ” level, owing 
to the paralysis of the centre, the ingoing direction of the current 
does indeed gradually reassert itself, but never approximates to 
its original strength, exhibiting at most a deflection of a few 
gradations. 

In view of the last-named results, in which venous action of 
the blood passing into the stomach of the slightly curarised, 
artificially breathing animal seems to be wholly excluded, the 
presumption gains ground that local decline of pressure in con- 
sequence of diminished arterial blood-supply is in dyspnoea also the 
proper cause of the negative variation. We should then expect 
an opposite effect, i.e. increase of entering current, when pressure 
was raised in the vascular system. One way in which this can 
be accomplished is by transfusion of fluids at greater' densities. 
It is known from the investigations of Cohnheim and Lichtheim 
(86) that even when enormous quantities of 0’6 % salt solution 
is injected into the jugular vein of rabbit or dog, the blood- 
pressure undergoes no particular increase, and remains fairly 
normal. ‘'There was no question of rise in ratio with the 
densities injected. Marked increase of pressure only occurred 
during an experiment when the initial pressure had been excess- 
ively low ; in this case the infusion of fluid produced rapid rise 
of blood-pressure to the mean.” On the other hand, a marked 
acceleration of the ciredatiooi was obvious in all these experiments, 
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even under the microscope. There was also an extraordinary 
increase of bulk of water in the blood, producing fundamental 
disturbances of nutrition in the tissues, as exhibited inter alia by 
the appearance of rich transudations in different organs, more 
particularly in the abdominal intestinal tract. The former, as 
found by Cohnheim and lichtheim, discharged a large bulk of 
fluid after each plentiful infusion of salt solution, while the 
mucosa often swells to a thickness of 2 cm., and the intestine 
appears full of exuded matter. 

A marked augmentation of the entering abdominal current is 
nearly always exhibited in the rabbit shortly after the commence- 
ment of infusion with salt solution, increasing more and more 
as the experiment progresses, and Anally reaching such abnormal 
proportions that the galvanometer mirror is driven off the field 
even when the current has already been compensated. It is 
noticeable that in these cases a marked ingoing current may be 
observed for a long time after the death of the animal, wliich 
never occurs under normal relations. 

The significance of these, as of the other experiments described, 
can only be indicated in a later connection. Here we can only 
state that the fundamental conformity in electromotive properties 
existing between the mucosa of the frog’s stomach, and that of 
the tongue, throat, and cloaca, and especially the fact that 
all circumstances producing mucous secretion tend to increase 
the entering current, give .decisive evidence that the electro- 
motive effects depend, if not solely, at least in the first degree, 
upon the mucin-secreting elements of the stomach, i.c. its surface 
epithelium. Whether, and how far, the actual secreting glands 
are concerned in it, may perhaps be decided from a more 
detailed examination of the changes in electromotive action 
which accompany the digestive processes in warm-blooded 
animals. 

In any case there is not the slightest ground for making the 
peptic glands of the stomach alone responsible for the current 
of the mucosa ; the less so, since there is regularly a very signifi- 
cant quantitative difference in electromotive action between the 
stomach and intestine, which would be unintelligible if — as 
would then be assumed — the many glands of the intestinal 
mucosa were as electrically active as the glands of the stomach. 
On the other hand, the difference is easily understood if we 
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consider the small number of mucin -producing goblet cells in 
the one case, and the continuous surface layer of the same in 
the other. 

We are of opinion that the preceding observations leave no 
doubt that the electromotive effects described in certain mucosae, 
and in the external skin of naked amphibians and fishes, are to be 
referred to the greater or less number of uni- and multicellular 
secreting glands present, i,e., in the last resort, to the single cell. 

From the standpoint of the earlier theoretical account of 
electromotive action it is evident that, as regards the ex- 
planation of the “ ingoing current of rest,” no difficulty is 
encountered. Every goblet cell, or mucous cell proper, ex- 
hibits, as a rule, under the microscope two clearly distinguish- 
able sections — one basal, nucleated and protoplasmic — the other 
dimmed, as a rule, by a mass of granules, but on treatment with 
reagents becoming hyaline and turgescent, ie, exhibiting unmis- 
takable mucin metamorphosis. It must be concluded that 
chemical action ” in the two parts of the same cell differs not 
only quantitatively but qualitatively also, which explains the 
difference of potential between base and free surface, fundamental 
to the ingoing current, if the mucin metamorphosis is admitted to 
be a chemical process, developing pari passu with the negative 
potential. This naturally applies as much to simple, superficially 
extended cell aggregates (throat and cloacal mucosa, external skin 
of many fishes) as to the cases in whfch there is a more or less 
complex pitting (glandular formation) ; for it is clear that, inas- 
much as these glands open to the exterior, part of their current 
must be included in the lead-off, which would naturally be 
“ ingoing,” like the current of the superficial mucous cells. The 
usually higher E.M.F. of the richly glandular mucosa (tongue) 
and frog’s sldn, m the fish’s skin, consisting only of goblet cells, 
and the throat ‘and cloacal mucosa, may well be referred to this 
fact ; for the^e is no reason to suppose that the sparsely present 
goblet cells, still less the prickle cells of the frog’s epidermis, have 
any such important electrical action. If, as pointed out by 
Hermann, the form of the glands in the frog’s skin is but little 
suited to give external galvanic action, on the other hand the 
capillary layer of fluid which covers the surface of the skin under 
nonnal conditions, and must be regarded mainly as a glandular 
secretion, is directly connected with the fluid contents of the 
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glands, and so makes a lead-off possible. In the tongue, at all 
events, this is certainly the case. It was said above that the 
other reasons, in particular the experiments of Bach and Oehler 
on the corroded skin, which Hermann brings forward against the 
participation of the glands in the skin “ rest current,” are by no 
means conclusive. At any rate, it cannot be denied that the 
surface epithelium does contribute to the rest current — -the 
more so, since recent experiments have demonstrated electro- 
motive effects in skin that is perfectly free of glands (88). If, 
in view of Hermann’s theory of the cause of the entering skin 
and mucosa currents, it was desired to predict the effect most 
likely to ensue with direct or indirect excitation, tlie positive 
variation, le. augmentation of the rest current, woufd inevitably 
be selected, and explained by the processes of alteration in the 
glandular epithelium strengthened or perhaps initiated l;y excita- 
tion. But from the above it appears that the exact contrary is 
the case — the negative variation is more and more the exclusive 
consequence of excitation, in proportion with the E.M.r. of the 
entering rest current. 

And that the latter itself cannot be explained by the above 
simple hypothesis is quite evident from the reactions described 
with energetic cooling. It should here be noted more especially 
that in this respect the complicated, richly glandular objects 
(tongue) coincide with the most simply constructed (tliroat and 
cloacal mucosa), so that there can be no question of referring the 
opposite electrical effects before and after cooling, to any anatomi- 
cal difference in the elements. Hence no other conclusion is 
possible but that the same epithdial cdl, alvwst to the same degree, 
is able to give dectromotive response now in the (me direction awl 
noio in the other. In this, as in many other respects, the cell 
current in question differs fundamentally from the electrical 
manifestations of nerve and muscle. In these the strongest 
cooling at most produces diminution, never, howevi^r, reversal of 
the demarcation current. This is a good instance of how little 
the galvanometer is able to indicate the quality of the chemical 
process which in both cases underlies the homodromous differ- 
ences of potential. As Hering aptly remarks, it can only express 
“alterations and differences of chemical action in the different 
parts of a living continuum, together with the magnitude and 
time relations of such action.” 
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Many of these manifestations, in particular the frequent alter- 
nation in direction of the deflections, which appears spontaneously 
without any demonstralfle cause, sometimes also rhythmically, 
seem to indicate that each cell is to he regarded as the seat of two 
distinct chemical processes, which — existing dmxdtancoudy— produce 
heterodromous potentials. The observed deflection would therefore 
always he the sum of two antagonistic forces. 

In order to explain the rapid diminution and final reversal 
of the normal ingoing current of the skin and mucosa after cool- 
ing, we must assume that one of the two current-generating 
processes (that indeed which implies the development of nega- 
tive potential) is injured earlier, and to a greater degree, by 
cold, than the other, so that an outgoing current results from the 
preponderance of the latter, which in turn gives way to an in- 
going current so soon as the normal conditions are restored by 
heating. The negative process ” appears to be less resistant to 
other effects also than the ‘‘ positive.” Thus, as we have seen, 
the suitable abstraction of water wiU also revive the entering 
current ; on the other hand, lack of oxygen, or treatment with 
COg, or ana3sthetising substances (alcohol, ether, chloroform) 
impair to the same extent, and eventually abolish, both current- 
generating processes. In this respect again the perfectly different 
behaviour of nerve and muscle currents should be noted, in 
which under these last conditions the diminution is relatively 
late in appearing. 

It is not possible at this juncture to say anything as to the 
precise nature of these chemical processes in the secretory cells, 
although one is tempted to conjecture the secretion of water on 
the one hand, and organic specific secretory constituents on the 
other. And in favour of this view it might be added, that the 
entering cloacal cuiTent is always strongest when the mucosa is 
most richly covered with watery secretion, and that while the 
negative potetitial of the surface generally increases with the 
bulk of water present, it rapidly diminishes with loss of water. 

This same interpretation also found unlooked-for support in 
the experiments described above on the mammalian stomach. 

The extraordinary influence of changes in blood-pressure on 
the magnitude of E.M.F. in the abdominal mucosa are at any 
rate to be referred to this explanation. There can be no doubt 
thal the secretion of water by glandular organs, apart from other 
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influences, does depend essentially on the actual pressure, and it is 
at first sight surprising that in the frog neither vagus excitation, 
nor complete abolition of circulation, produces any such effect on 
the electromotive properties of the stomach as is proved to be 
the case in mammals, when a relatively low fall of pressure in 
the abdominal vessels produces a ;narked negative variation of 
the ingoing current. Yet this is intelligible in view of the extra- 
ordinary resistance of the frog’s skin to all injuries whatsoever. 
Accordingly, if decrease of pressure in the vessels of the abdominal 
mucosa is unfavourable to the secretion of water, a negative varia- 
tion must follow, if — as we are justified in supposing — the actual 
difference of potential is the sum of two antagonistic electro- 
motive processes, one of which gets the upper liand; as soon as 
any current manifests itself. And this appears, inter alia, from 
the circumstance that the death of the animal from any cause 
whatever, is followed under normal conditions by a rapid decline 
and subsequent reversal of the current. So that the decrease of 
blood -pressure in warm-blooded animals seems to work like 
marked cooling up6n the mucous glands of the cold-blooded, in- 
asmuch as — if the expression is legitimate — the negative in both 
cases declines more quickly than the opposite positive process. 
From this point of view it is easy to explain, not merely the 
coincidence of result in vagus excitation, marked loss of blood, 
and diminished blood-pressure due to any poison (amyl nitrite, 
pilocarpin, chloral, curare, etc.), but also the later effects of dysp- 
noeic, or anaemic, excitation of the cerebral vaso-motor centres. 

Further confirmation of the view thus laid down re the 
effective cause of the normal, ingoing, abdominal current, appears 
from the results of infusion of salt solution. Here the occasionally 
enormous secretion of water by the mucosa of the stomach 
may be directly observed, and when — as frequently happens 
— there is, notwithstanding the pronounced dilution of the 
blood and consequent malnutrition of the tissi^es, a marked 
increase of electromotive action in the mucosa in the sense 
of the normal ingoing current, the only explanation possible in 
the last resort is that the observed differences of potential, and 
increased secretion of water, are in causative relation. 

Bayliss and Bradford (87) previously came to the same con- 
clusions with regard to dependence of electromotive action in the 
salivary glands on the nature of the secretion. 
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They appear to have succeeded in the demonstration attempted 
by Hermann and Luchsinger (79), of the secretion currents in 
these glands. During rest the surface of the exposed submaxillary 
gland of the dog was, as a rule, negative to the hilus. The 
E.M.r. of this current of rest, which must be referred, not 
to the injured region (muscles), but to the gland itself, varies 
within a wide range in different individuals, as also in the same 
animal at different times. The altering relations within the 
gland would seem to be the cause of this — as is attested by the 
fact that permanent changes of the current of rest are induced 
not merely ,by temporary excitation of the gland nerves, but 
also by atropin poisoning. The direction of the rest current 
varies much more (being indeed frequently reversed) in the sub- 
maxillary of the cat than in the dog (surface positive to hilus). 
This is the more striking, in view of the extensive morphological 
coincidence of this gland in the two animals, since the rest 
current of the “ serous ’’ parotid gland in the dog generally agrees 
in direction with that of its submaxillary. 

Hence it would appear that functional differences in the 
glands regulate the observed differences of potential. The 
behaviour of the “action current” on exciting the secretory 
nerve also speaks for the same conclusion. After compensating 
the current of rest, excitation of the chorda tympani in the dog 
always causes negativity of the external surface of the sub- 
maxillary gland. The period of tliis variation is often interrupted 
by a second antagonistic phase, which sometimes expresses itself 
only in a retardation or temporary stand-stiQ of the deflection, 
while it is frequently masked altogether by the first and more 
pronounced principal phase. The deflection begins after a short 
latent period, before any secretion has appeared in the canal, and 
where the excitation is weak it forms the only manifestation. 

Excitation of the cervical sympathetic also invariably pro- 
duces electromotive action in the submaxillary glands of the 
dog, distinguished, however, from the above by smaller effect, 
longer latent period, and monophasic variation (surface positive 
to hilus), i,e, the reverse of the principal phase in chorda 
excitation. 

In the same gland of the cat, on the contrary, the second 
phase (surface positive to hilum) is the more pronounced with 
excitation from the chorda. Bayliss and Bradford find unmis- 
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takable relations between the strength • of both phases and the 
natui’e of the glandular secretion, since it regularly appeal’s that 
the first phase predominates, or even appears exclusively, where 
the secretion is plentiful and watery, the second when it is 
sparse, but rich in mucin. The observed differences in electrical 
action of the submajcillary in cat and dog respectively would 
thus be explained by the actual diversity in the secretion yielded 
in either case on chorda excitation, since in the dog it is much 
more watery than in the cat. 

5VTiile in the dog, excitation of the sympathetic only produces 
an extremely viscid and scanty secretion,, in the cat, on the other 
hand, it is plentiful and watery. The electrical effects are 
correspondingly small, with prevailing second phase, in the first 
case — in the second they are considerable, and even exceed the 
effect of chorda excitation. BayHss and Bradford consider that 
poisoning with atropin excludes the action of 'simultaneous, 
vaso- motor effects in the electromotive effects observed, since 
while this drug has no vascular action, it soon abolishes, or very 
strongly affects, secretory and electrical functions. 

Mother observation of the same authors on the submaxillary 
and parotid of the dog must also be noticed. Excitation of the 
sympathetic, as a rule, produces no quantity of secretion 
from the last-named gland, yielding only a few drops of 
viscid submaxillary saliva. Under certain conditions, however, 
especially after repeated excitation of the cerebml gland nerves, 
a more plentiful secretion appears, with corresponding alteration 
of electromotive action. While the surface of botli glands is 
usually positive to the hilus in excitation from the sympathetic, 
in this instance an opposite variation appears (when the cerebral 
gland nerves are excited), either alone, or as an accentuated 
preliminary phase. Bradford is inclined to bring the first 
electrical change (second phase) into causative relation with the 
formation of the organic constituents of the saliva, wjiile he refers 
the opposed, usually stronger, variation to the processes of 
secretion of water. 

If the views thus set forth are legitimate, we should naturally 
regard both entering and outgoing currents of the glands as 
‘'secretion currents,” ie. the galvanic expression of permanent 
chemical action in the secretory cells, and there would be no 
question of the appearance of a new electromotive force derived 
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from another source, or other elements, in consequence of 
exdtcLtion, but solely of alteration in the galvanic effects of the 
same elements, which must be regarded during rest as the cause 
of the differences in potential. 

From this point of view, explanation of the actual experi- 
mental effects consequent on excitation, presents no serious 
difficulties, even when comiilicated double, or multiple, variations 
are exhibited. Taking first the simple case, where, as in the 
frog's tongue, a strong ingoing current is present from the be- 
ginning, augmentation of the same, i,e. a positive variation, is 
only likely to appear when (with direct or indirect excitation) 
the “negative process” is increased above the “positive,” which in the 
instance cited, where that is already so preponderant, is not very 
probable ; it seems much more likely that the process which is 
initially less developed should be increased by excitation than 
the other. From this standpoint it would also be comprehensible 
that a “ nef^ative variation ” should follow upon excitation, the 
more exclusively and distinctly in proportion as the original 
current is stronger. That, further, a positive after-effect fre- 
quently makes its appearance, is also intelligible, as soon as 
it is realised (as proved by experiment) that the positive 
effect which depends on augmentation of the “ negative process ” 
invariably declines much more slowly than the opposite effect, 
so that when the one has already returned to its normal, the 
other, from its greater constancy, entaUs a positive increment of 
the original current. 

The conditions of appearance of a positive variation during 
excitation, either independently or as fore-swing to a subsequent 
negative variation, are accordingly so much the more favourable 
in proportion as the homodromous, incoming current is weaker, 
Le, as the “ negative process ” is less preponderant. For obviously 
there is then greater opportunity of strengthening this latter 
so much by excitation that it in turn becomes uppermost. 
Strength of the tetanising current is also an important factor, 
since it would appear that the process leading to development of 
negative potential at the surface is, under equal conditions, more 
easily excited than its opposite, so that, as more especially in the 
mucosa of throat and cloaca, the positive effect appears with 
weak, the diphasic or single negative effect with stronger, excita- 
tion. In particular cases a diphasic effect may of course appear 
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with many variations, as regards the succession of the two 
phases. While in the cloaca with a moderately strong entering 
mucosa current, a positive variation usually precedes the stronger 
negative ettect as a fore-swing, in the mucosa of the throat, under 
the same conditions, the negative is very frequently interrupted 
by a positive swing. It is clear that even with complete equality 
of the two current -generating processes (when currents tliat 
can be led off externally are altogether wanting) l^he possibility 
of a “ secretion current is not excluded, provided the one or 
other process is preponderant. Since, in view of the experimenttil 
reactions under discussion, this is rather to be expected of the 
“ negative ” than of the positive ” process, it is intelligible that 
positive deflections in the direction of an ingoing current should be 
visible where the excitation is not too sti-ong. More frequently, 
however, all galvanic effects of excitation . are wanting, from 
which it must not, of course, be concluded that the secretory 
process excited by the current is absent, but merely that a 
particular, physical symptom of the same has in this case not 
found expression. While, finally, it seems almost self-evident — 
from the previous argument — that where there is a reversed ” 
outgoing current in consequence of excikition, there should also 
be, in an overwhelming majority of cases, deflections of the 
magnet in the direction of an ingoing current. At all events 
tliis is the case almost without exception with weaker excitation, 
while stronger stimuli, even under these conditions, may still 
produce a positive variation. 

The electromotive action of the skin glands (sweat glands) of 
mammals and of man is far less exactly determined than in the 
uni- and multicellidar mucous glands. Ever since du Bois-Eey- 
mond exhibited his famous experiment (at first referred to the 
action current of the muscles) on man, in which the lead-oft* is 
from both hands or both feet, symmetrically, after which voluntary 
contraction of one arm, or one leg, deflects the mhgnet of the 
multiplier, it was conjectured that this might' indicate the 
development of an entering skin current in consequence of 
excitation. After Hermann’s observations it must be admitted 
that the action current from the muscles plays no part in it, 
while if any doubt could still remain on this point, it must finally 
give way before the experiments of Hermann and Luchsinger on 
the secretory currents of the cat’s skin. As we pointed out in 
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an earlier connection, du Bois-Eeymond’s experiment concerns 
not the ^presence of the secretion, hut the secreto^^ process, where 
the visible appearance of sweat is not required. 

The same applies in every detail to the pad of the cat’s foot, 
which is ricli in sweat-glands. Symmetrical leading-off from the 
two plantar balls gives, normally, no current of importance, but 
current is at once produced when the sciatic nerve is cut through 
on one side.. This current is always directed, in the animal, 
from normal to paralysed side (ingoing). After dividing the 
second sciatic the difference of potential disappears entkely, to 
reappear if one or other nerve is artificially excited after curarisa- 
tion. That this really is a secretion current is proved by the 
action of atropin — the latency of the galvanic effect is in the first 
place perceptibly increased, and the intensity of the cun'ent declines, 
and is quickly abolished. On leading off from the undisturbed 
surface of the exposed muscles and the uninjured epidermis, the 
incoming current of rest appears to sink on removal of the 
epithelial layer. ‘'When pilocarpin is injected into one foot, 
and the lead-off is symmetrical from both feet, there is invariably 
a strong current from the injected side to the other, i.e, increase 
of entering skin current.” Excitation of the central end of the 
sciatic produces a reflex current from the unexcited to the excited 
side, where the glands are separated by the division of the nerve 
from the central organ. The same effect occurs with central 
excitation of the cruralis (Hermann). The experiment of lead- 
ing off symmetrically from one paralysed and one non-paralysed 
foot of a cat sweating freely, either by reason of its struggling, 
or in the warm chamber, is obviously complementary to du Bois’ 
experiment on man ; there cannot be the slightest doubt of its 
significance, since the current persists under the application of 
curare, notwithstanding abolition of muscular contraction, while 
atropin on the other hand neutralises the difference of potential 
although miftcular contraction continues. 

An unmistakable secretion, which is demonstrably under 
nerve-control, is also evident on the skin of the upper lip and 
nose of the calf, as well as the nostril of sheep and goat. It 
derives apparently from the large, acinous glands which are 
seated there. Excitation of the vago-sympathetic always pro- 
duces increased secretion. So too in the hairless anout of the 
pig, in which excitation of the peripheral (cephalic) end of 
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the divided sympathetic discharges large drops of secretion 
from the openings of the snout glands on the same side. Sym- 
metrical leading-off from two points of the surface then gives a 
strong ingoing secretion cuiront, with an E.M.F. of possibly 0*07 
Dan. The difference of potential in the nose of the goat, and 
still more, dog or cat, is much less, owing in the last case to 
the comparative scantiness of the secretion. 
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891 ; on the heart, 396 ; methods of 
investigation, 862, 399, 408, 410 ; 
phasic and decremeutal, 381 ; with 
indirect excitation, 384 ; theory, 
374 

Addition latmte^ 117 

Adductor muscle, of mollusca, 68 ; tonus, 
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Electrotonus, polar alterations of excit- 
ability in muscle, 280 
Epithelial muscles, 10 
Ether, eifect on muscle current, 369 ; on 
action current, 460 ; on gland cur- 
rents, 473 

Excitability, direct in muscle, 69 IF. ; of 
different muscles, 67 ff. ; nature at 
death, 91 ; effect of circulation, 95 ; 
of temperature, 97 ; of fatigue, 83 ff.; 
of the galvanic current, 276 ff. ; of 
transverse section, 227 ; of desiccation, 
429 ; of glycerin, 432 ; of chemical 
substances, 104 

Excitation of muscle by its own current, 
326 ; secondary, muscle to muscle, 
427 

Excitatory wave, in muscle, 373 ; relation 
to contraction wave, 376 

FATiL rheotorae, 363, 385 
Fatigue in muscle, 83 ; local, by current, 
223 

Flagellata, electrical excitation, 307, 308 

Freezing of muscle, 103 

Frog’s skin, electromotive action, 462 ff. 

Galvanic current. Sea constant current 
Galvanic resistance to conductivity in 
muscle, 200 

Galvanotropism in protozoa, 807 
Gastrocnemius muscle, electromotive action, 
326 

Glands, electromotive action, 461 ff. 
Glycerin, action on muscle, 432 
Goblet cells, electromotive action, 474 
Granules, interstitial, in muscle, 30, 33 

Heart, contraction wave, 163 ; excitatory 
wave, 399 ; absence of cun’ent in 
uninjured state, 343; positive varia- 
tion of demarcation current in vagus 
excitation, 434 ; nature of demarca- 
I -on ouiTent 344 ; secondary twitch 


from heart, 396, 420, 427 ; current of 
action, 397 ; structure of muscle- 
fibres, 24, 91 ; contraction curve, 
66 ; strength of stimulus,. 70 ; effect 
of tension, 79 ; elwtrical excitation, 
194, 267 
Heat, 98, 839 

Hippocampus float-muscles, stmeture, 30 
Holothuria muscles, electrical excitation, 
284 

Hydra, neuro-muscular cells, 9 

Idio-muscular contraction, 162, 172, 205, 
225, 390 

Inclination current, 326 
Induction currents, action on muscle, 119, 
179, 181, 218 ; on protozoa, 299, 306 
Inhibitory manifestations, anodic in muscle, 
243 ; in intestine, 247 ; in the heart, 
267 ; in striated muscle, 267 
Initial twitch, 133, 816 ; carrliac, 134 
Innervation, voluutiiry, 138 ff. 

Insect muscles, structure, 83 ff. ; contrac- 
tion phenomena, 49 ; distribution of 
twitch, 64; tetanus, 125, 132 ; fatigue, 
91 ; propagation of contraction, 166, 
164 

Interference of excitation between excita- 
tory and muscle cun*ents, 329 
Intersections, tendinous, 228 
Intestine, electrical excitation, 240, 248 ff. 

Kataroiao nerves, 438 
Katelectrotonus. See electi'otonus 
Kathode, inhibition of conductivity, 296 ; 
excitability, 280, 287 ; physiological, 
212 

Kiihne’s bifurcate experiment, 430 

Latent period, 66 ; of negative variation, 
375 ; of muscle elements, 73 ; depend- 
ence on strength of excitation, 72 ; of 
opening excitation in muscle, 190 ; 
dependence on current density, 216 
Leech, electrical excitation of cutaneous 
muscular integument, 245 ; electro- 
motive action of skin, 477 

Man, phasic action current in, 394 ; skin 
current, 393, 618 ; action current of 
hearty 406 
Microphone, 133 

Molecular theory, electrical, of muscle, 
347 

Molecules, peripolar, 348 
MoUuaca, adductor muscle, 68, 100, 177, 
187, 283 

Mucosa currents, 464 ff. 

Mucosa, electromotive action in tongue, 
464 ff. ; tliroat and cloaca, 473 ff. ; 
stomach, 500 ff. 
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Muscle, smooth, 21, 92 ; striated, 8 ; 
quick and sluggish, 67 ff., 66 ; red 
and pale, 60 ; contraction, 48, 54 ; 
microscopic reaction, 46 ; distribution 
in time, 66 ; natui^ muscular con- 
traction, 139 ; propagation of con- 
traction wave, 146 ff. ; polymerous 
muscle, 228 

Muscle columns, 20, 25, 82 
Muscle current, resting, 321 IF., 334 ; weak 
longitudinal current, 822; B.M.P., 
835 ; decline, 343, 344 ; in unii^jured 
muscle, 346 ; negative variation, 362 ; 
positive variation, 868 ff. ; excitation 
from muscle, 326, 362, 427 ; inclina- 
tion current, 825 ; law of, 363 
Muscle tone, 136-1 39 
Muscular tonus, 100, 235, 260, 265 
Myogram, 57 
Myograph, 66 
Myonema of infusoria, 4 

Nboativb Variation, of muscle current, 
362, 370 ; in the heart, 396 ; theory, 
388 ; of skin current^ 481 ff. ; in 
excitation of secretory nerves, 486, 
600 


Oblique striation, in muscle, 16 ff. 
Opening contraction (persistent), 186, 210, 
233 

Opening inhibition, anodic and kathodic in 
the heart, 263 

Opening twitch, spoiious in excitation of 
muscle, 329, 334 


pAEAM^iOiUM, galvanotropci manifesta- 
tions, 308 

Parelectionomy, 338 ff. 

Pelornyxa, electrical excitation, 305 
Photogram of action current, 402 ff. 

Polar action of electrical current on muscle, 
203, 216 ; on the heart, 228 ff., 268 ; 
on j)rotozoa, 302 ; on ova, 310 
Polarisation, galvanic, of muscle, 279 ; mor- 
phological, of ova, 810 ; internal, 442 ; 
positive of muscle, 443 
Pole, definition of physiological, 212 
Polystomella, electrical excitation, 803 
Porret’s phenomenon in muscle, 273 
Potassium salts, action on muscle, 67, 172 ; 
on polar excitation, 220 ; on electro- 
motive action, 856, 356 
Pre-existence of muscle current, 838 
Pressure of muscle, action on secondary 
excitation from muscle to muscle, 427 
Protozoa, electrical excitation, 299 
Pscudopodia, reaction in electrical excita- 
tion, 300 


Rapidity of excitation and contraction 
wave in muscle, 147, 374 
Reaction of degeneration, 182, 273 
Refractory period, in the heart, 288 
Renewal of cross-section, effect on muscle 
current, 344 

Resistance to conductivity in muscle, 200 
Rheotacliygraphy, 373, 886 
Rheotome, Bernstein’s differential,. 367 ; 
fall, 363, 886 

Rhizopo<la, electrical excitation, 299 

Salivary glands, electromotive action, 
509, 610 

Salpa muscles, 20 

Salt (common), action on muscle, 104 
Sarcoplasm, 28 ff., 68, 90 
Secondary electrode points, effect on polar 
excitation, 256 

Secondary electromotive manifestations iu 
Jiiuscle, 442 ff. 

Secondary excitation, from muscle to nerve, 
861, 896, 413 ; from muscle to 
muscle, 427 

Secretion currents, 463, 486, 613 ; iu man, 
393, 395 

Skin current, iu frog, 462 ff. : in man, 
391 

Sodium salts, action on muscle, 106, 221 
Staircase contraction, 71, 121, 123 
Strength of current, as affecting height of 
twitch, 70 

Suiniuation of stimuli, 113 ff. 

Siii)erpositiou of twitches, 116 
Supported muscle, effect on twitch, 121 
Survival of smooth muscle, 92 

Telephone as rheoscope, 410, 424 
Temperature, effect on muscle, 91, 97 ff., 
161 ; on muscle current, 339 ; on 
gland currents, 468 

Tension, effect on muscle twitch, 76 ff. 
Tetanus, nature of, 113 ff.; rhythmical, 131, 
136; natural, 139; stiychnia tetanus, 
143 ; in muscles that are functionally 
dissimilar, 126 ; in heart, 129 ; gal- 
vanic manifestations, 364 ; sccondarj'^ 
from muscle, 364 

Tonus iu smooth muscle, 100 ; in cardiac 
muscle, 102 

Tortoise muscles, 61, }¥ . . 

Transverse passage of current m muscle, 
199 

Transverse resistance of muscle, 200 
Transverse section, artificial, relation to 
muscle current, 322 ; effect on polar 
excitation by current, 217 ; on opiuiiiig 
excitation, 330 

Twitch, secondary from muscle, effect 
of tension in primary muscle, 413 ; 
with direct excitation of jnimary 
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muscle, 416 ; positiou of secondary 
nerve, 41 7 ; summation of stimuli, 
421 ; discharged by closing and open- 
ing tetanus, 422, and vital tetanus, 
422 ; isotonic and isometric, 82 

Under-propping, effect on twitcli, 121 

Vagus, action on the heart, 438 

Veratrin, action on striat^ muscle, 107, 
265 


Voltaic alternative, in muscle, 224, 292 
Vorticella, stalk muscle, 4 


Water rigor, 367 

Wave of contraction, 161 ff., 168 ; of excita- 
tion, 373 ; relation to contraction 
wave, 376 

Wonns, muscles, 12 ; electrical excitation 
of cutaneous muscular integument, 
240 ff. 



Printed by K. & K. Clark, Limited, Edinburgh 



BOOKS ON PHYSIOLOGY AND EMBRYOLOGY. 

A COURSE OF ELEMENTARY PRACTICAL PHYSIOLOGY 
AND HISTOLOGY. By Prof. Michael Foster, M.D., F.R.S., and 
J. N. Langley, F.R.S., Fellow of Trinity College, Cambridge. Sixth 
Edition. Crown 8vo. 78. 6d. 

LESSONS IN ELEMENTARY PHYSIOLOGY. By T. H. Huxlky', 

F. KS. With numerous Illustrations. Fourth Edition. Pott 8vo. 
48. 6d. 

QUESTIONS ON HUXLEY’S LESSONS IN ELEMENTARY 
PHYSIOLOGY. For the Use of Schools. By Thomas Alcock, M.D, 
Fifth Edition. Pott 8vo. Is. 6d. 

A TEXT-BOOK OF THE PHYSIOLOGICAL CHEMISTRY OF 
THE ANIMAL BODY. Including an Account of the Chemical 
Changes occurring in Disease. By Arthur Gamqeb, M.D., F.R.S., 
Emeritus Professor of Physiology in the Owens College, Victoria 
University, Manchester, etc. 8vo. Vol. I. ISs. VoL II. IBs. 

A TREATISE ON COMPARATIVE EMBRYOLOGY. By F. M. 
Balfour, M.A., F.R.S., Fellow and Lecturer of Trinity College, Cam- 
bridge. In two Vola Second Edition. Medium 8vo. Vol. I. 18s. 
Vol. II. 218. 

THE ELEMENTS OF EMBRYOLOGY. By Prof. Michael 
Foster, M.D., F.R.S., and the late F. M. Balfour, F.R.S., Professor of 
Animal Morphology in the University of Cambridge. Second Edition, 
revised. Edited by A. Sedgwick, M.A, Fellow and Assistant Lecturer 
of Trinity College, Cambridge, and W. Heape, M.A., late Demonstrator 
in the Morphological Laboratory of the University of Cambridge. 
Illustrated. Crown 8vo. 10s. 6d. 

LESSONS IN ELEMENTARY BIOLOGY. By T. Jeffery 
Parker, F.R.S., Professor of Biology in the University of Otago, New 
Zealand. Illustrated. Second Edition. Crown 8 vo. lOs. 6d. 

A COURSE OF PRACTICAL INSTRUCTION IN ELEMENT- 
ARY BIOLOGY. By T. H. Huxley, F.R.S., assisted by H. N. 
Martin, F.R.S., Professor of Biology in the Johns Hopkins University, 
U.S.A. Third Edition, revised and extended by G. B. Howes, Assistant 
Professor, Royal College of Science, and D. H. Scott, Ph.D. Witli a 
Preface by T. H. Huxley, F.R.S. Crown 8vo. 10s. 6d. 

AN ATLAS OF PRACTICAL ELEMENTARY BIOLOGY. By 

G. B. Howes, Assistant Professor, Royal College of Science ; Lecturer on 
Comparative Anatomy, St. George’s Medical School, London. With 
a Preface by T. H. Huxley, F.KS. Medium 4to. 14s. 

MACMILLAN AND CO., Ltd, LONDON. 



BOOKS ON ANATOMY AND PHYSIOLOGY. 

TEXT-BOOK OF ANATOMY AND PHYSIOLOGY FOR NURSES. 
Compiled by Diana Clifford Kimbbr, Gitiduate of Bellevue Training School, 
Assistant Superintendent New York City Training School, Blackwell's Island, 
N.Y. 8vo. 10s. net. ^ ^ 

A TEXT-BOOK OF COMPARATIVE ANATOMY. By Prof. Arnold 
Lano. With Preface to the English Translation by Prof. Dr. Ernst 
Haeokkl. Translated into English by Henry M. Bernard, M.A. Cantab., 
and Matilda Bernard. In two Pcurts. 8vo. 178. net. each. 

LESSONS IN ELEMENTARY ANATOMY. By St. George Mivart, 
F.R.S. Fcaj). 8 VO. 68. 6d. 

ELEMENTS OF COMPARATIVE ANATOMY OF VERTEBRATES. 
Adapted from the German of Dr. Robert Wiedersheim. By W. Newton 
Parke It, Professor of Biology in the. University College of South Wales and 
Monniouthsliire. With additions by the Autlior and Translator. 270 Wood- 
cuts. Medium 8vo. 12s. 6d. 

THE STRUCTURE OF MAN: An Index to his Past History. By 
Dr., R. Wiedersheim. Translated by H. and M. Beri^ard. Tbe Translation, 
Edited and Annotated, and a Prefoco written by Professor G. B. Howes, 
F.L.S. 8vo. 8s. net. 

A COURSE OF INSTRUCTION IN ZOOTOMY ‘ Vertebrata. By T. 
Jeffery Parker, F.R.S., Professor of Biology in the University of Otago, 
New Zealand. With Illustrations. Crown 8vo. 8s. 6.d. 

AN INTRODUCTION TO THE OSTEOLOGY OF THE MAMMALIA: 
being the Substance of the Course of Lectures delivered at the Royal College of 
Surgeons of England in 1870. By Sir William Henry Flower, F.R.S. 
Illustrated. Third Edition. Revised with the assistance of Hans Gadow, 
Ph.D. Crown 8vo. 10s. 6d. 

THE MYOLOGY OF THE RAVEN (Gorvus corax Sinuatm), A Guide to 
the Study of the Muscular System of Birds. By R. W. Shufeldt, of the 
Smithsonian Institute, Washington, U.S.A. With Illustrations. 8vo. ISs. not. 

A TEXT-BOOK OF PHYSIOLOGY By Michael Foster, M.D., F.RS., 
Professor of Physiology in the Univei-sity of Cambridge, and Fellow of Trinity 
College, Cambridge. Illustrated 8vo. 

Part I. Comprising Book I. Blood— The Tissues of Movement, the Vascular 

Mechanism. Sixth Edition. 10s. 6d. 

Pai-t II. Comprising Book II. The Tissues of Chemical Action, with theii* 

Respective Mechanisms — Nutrition. Sixth Edition. 10s. 6d. 

Part III. The Central Nervous System. Sixth Edition. 7s. 6d. 

Part IV. Comprising the remainder of Book III. The Senses and some Special 

Muscular Mechanisms ; and Book IV. The Tissues and Mechanism of Reproduction. 

Fifth Edition. lOs. 6d. 

THE CHEMICAL BASIS OF THE ANIMAL BODY An Appendix 
to Foster’s “Text-Book of Physiology.” By A. Sheridan Lfjv, M.A., D.Sc., 
F.R.S., University Lecturer in Physiology in the University of Cambridge! 
Fifth Edition. 8vo. 7s. 6d. 

PHYSIOLOGY. By Michael Fobteb, M.D., F.R.S. With 

PottSvo. Is. [Science Primers. 

MACMILLAN AND CO., Ltd, LONDON. 






